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PREFACE 


We are frequently told that heat transfer is a field for graduate 
tiidy ; that it is too difficult a subject in its rational form for the under- 
:raduate student. If we accept this view, we may well be accused of 
ccepting mechanical engineering, in the majority of its practices, as an 
mpirical art.” 

Approximately three years before Dean WiPdnson published the 
bove statement* the authors had begun to t ach regular elective 
Durses in heat transfer, designed for senior mecnanical and chemical 
Qgineering students, following the general fines of the present book, 
'he subjects of converting and conveying heat energy are of similar 
nportance. The first deals with thermodynamics and is included in 
[most every engineering curriculum; the latter is now beginning to be 
loked upon favorably for inclusion in the undergraduate plan of study. 
It, therefore, seems timely to present a textbook for courses in heat 
•ansmission, not designed for graduate level nor exhaustive in scope, 
at adapted to the average junior or senior engineering student. If no 
)ecial course in heat transmission is offered, this text may serve as an 
Iditional brief book in the usual thermodynamics course. In this 
ay the student will be given a more nearly complete picture of the 
fientific fundamentals of heat engineering. 

In order to be suited for these purposes the book is restricted to the 
}W basic principles of heat transfer and insulation, and to their appfica- 
on to simple problems. The various subjects are presented in a 
road manner with examples following the derivations. 

However, scientific rigor has been retained to as great a% extent as 
>ssible at the intended level of presentation. This applies especially 
» the use of consistent units^ which are so important in the science and 
^plication of heat transfer. In this matter no concessions to superficial 
ractices have been made. The student is induced to insure in each 
jecial case that the balance of physical dimensions is correct, and 
irticularly to avoid the usual confusion of mass aijd force units. 
Conduction, convection, and radiation are treated separately first, 
id then in their combinations. A whole chapter is devoted to the 
asic property of thermal conductivity with particular attention to 

* F. L. Wilkinson, Jr., “ A Suggested Design for Mechanical Engineering Curric- 
a/' Mechanical Engineering, VoL 63, p. 581 (1941). 
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practical insulations. Unsteady state equations are made palatable to 
the student by some graphical representations. Dimensional analysis 
IS dealt mth in the most elementary manner. Some applications of heat 
transfer in experimental engineering and the interdependence of heat 
transfer and surface friction form the subject of the last three chapters. 

In order to facihtate the solution of the problems, the Contents is 
supplenaented bj^ a list of tables and a list of figures needed for numerical 
calculations. These are followed by a list of symbols. Answers to the 
problems will be printed separately. 

Space and purpose of the book forbid ample literature references. 
Only a vei^- small selection of them is given at the end of the chapters. 
However, eveiy effort has been made to give credit to individuals for 
use of their materials. Special thanks is due to Mr. H E HoUensbe 
Editor of Industrial Power, for the release of certain copyrighted material 
iierein contained in the form of problems. 

authors wish to express appreciation to President H. T. Heald of 
lUmois Institute of Technologjq and Dr. A. A. Potter, Dean of the 
Sch^ls of Engineering, Purdue University, who by initiating under- 
^aduate courses m heat transfer, encouraged our task, and to Professor 
H. L. boloe^. Head of the School of Mechanical Engineering, Purdue 
L mi ereity, for his keen mterest during the preparation of this textbook 


ChicagOy Illinois 
Lafayette, Indiana 
March, 1942 


Max Jakob 
George A. Hawkins 
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SYMBOLS FOR PHYSICAL QUANTITIES 


Symbol ■ Quantity 

A Area 

B Buoyancy 

C Circumference; mean coil diameter 

c Specific heat 

Cp Specific heat at constant pressure related to unit volume 

Cp Specific heat at constant pressure 

D Diameter 

E Density of emission 

E Electrical potential 

/ Friction factor 

Fa Configuration factor or area factor 

Fe Emissi\'ity factor 

Fs Shearing force (friction) 

g Gra\utational acceleration 

(Gr) Grashof number 

H Fundamental unit of heat energy 

h Heat transfer coefficient 

I Intensity of radiation 

I Electric current 

k Thermal conductivity 

L Length, Fundamental unit of length 

I Distance 

I Latent heat 

M Fundamental unit of mass 

M Mass velocity 

m Rate of mass flow 

n Frequency 

{Nu) Nusselt number 

p Pressure 

(Pr) Prandtl number 

q Rate of heat flow 

R Thermal resistance 

R Electrical resistance (only used with prime sign or 
subscripts) 

r Radial distance 

{Re) Reynolds number 

S Side length of a square 


• Units* 
ft^ 

lb fr^ 
ft 

B siug~i F-^ 
B ft"^ F”^ 

B slug~^ F-^ 
ft 

B hr-i ft-" 
volt 


lb 

ft hr“2 
B 

B hr-i fr2 F”! 
B hr-^ fr® 
ampere 

B hr-^ ft-^ F-i 

ft 

ft 

B slug-^ 
slug 

slug hr“^ ft-“ 
slug hr-^ 

hj— 1 

lb ft-2 

Bhr“^ 

B~^ hr F 

ohm 

ft 

ft 


* For lengths, forces, and masses the units of the British gravitational system are 
used. Time is given in hours instead of seconds in accordance with the customary 
engineering practice in heat transfer work. Temperatures are given in degrees 
Fahrenheit (F), absolute temperature in degrees Rankine (R). 
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Symbol Quantity Units* 


T 

Absolute temperature 

R 

T 

Fundamental unit of time 

hr 

t 

Temperature 

F 

U 

Overall heat transfer coefficient 

B hr~^ ft""' 

V 

Velocity 

ft hr"“^ 

X 

Distance; thickness 

ft 

y 

Distance 

ft 

a 

Thermal diffusivity 

ft^ hr“i 

a 

Absorptivity for radiation 



Coefficient of cubical expansion 

R-i 

y 

Specific weight 

lb ff^s 


m Log mean temperature difference 

F 

€ 

Emissivity 


€ 

Temperature coefficient of electrical resistance 


0 

Fundamental unit of temperature 

F 

d 

Temperature difference 

F 

K 

Temperature coefficient of themoal conductivity 

F-i 

X 

Wavelength 

ft 

}i 

Dynamic viscosity’ 

lb ft“2 hr 

y 

lunematic viscosity 

ft^ hr~^ 

P 

Density 

slug ft""^ 

P 

Reflectivity for radiation 

cr 

Constant in Stefan-Boltzmann’s law 

B hr"^ ft“~2 

T 

Time 

hr 

T 

Transmissivity for radiation 

See footnote page xv. 




CHAPTER I 


INTRODUCTION 

I-l Importance of Heat Transfer and Instilation in Engineering 

The laws which govern heat transmission are very important to the 
engineer in the design, construction, testing, and operation of heat 
exchange apparatus. Heat transfer problems confront investigators in 
nearly ereTy branch of engineering. 

Electrical engineers apply their knowledge of heat transfer to the 
design of cooling sj'Stems for motors, generators, and transformers. 
Chemical engineers are concerned with the evaporation, condensation, 
heating, and cooling of fluids. The mechanical engineer deals with 
problems of heat transfer in the fields of internal combustion engines, 
steam generation, refrigeration, and heating and ventilating. An 
understanding of the laws of the flow of heat is important to the civil 
engineer in the construction of dams and structures, and to the architect 
in the design of buildings. 

In the latter instance the question of effective heat insulation will 
prevail. However, problems involving the use of insulation likewise 
occur in each of the fields of engineering. Actually every engineer will 
be confronted from time to time wdth the question of how to transmit 
heat in the most effective way, or of how to protect a construction most 
efficiently against heat or cold losses. 

1-2 The Three Kinds of Heat Transfer 

There are three different types of heat transfer: conduction, con- 
vection, and radiation. (Ref. I-l.) They have in common that temper- 
ature differences must exist and that heat is always transferred in the 
direction of decreasing temperature. On the other hand they differ 
entirely in the physical mechanisms and laws by which they are 
governed. 

Heat conduction is due to the property of matter which allows the 
passage of heat energy, even if a physical body is impermeable to any 
kind of rays and its parts are not in motion relative to one another. 

Heat convection is due to the faculty of moving matter to carry heat 
energy such as transporting a load from one place to another, 

1 
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_ Heat radiation is due to the property of matter to emit and to absorb 
different kinds of rays, and to the fact that an empty space is perfectly 
penneable to rays and that matter allows them to pass more or less. 

If the flow of heat is independent of time, it is spoken of as steady 
or stationary state. Engineering problems of steady flow of heat by 
conduction include the flow of heat through furnace walls and pipe 
insulation where the surface temperatures are maintained almost 
constant, and in general where changes of conductive heat flow with 
time are negligibl^^ small. 

The fundamental relation for the steady flow of heat by conduction 
originates from the French physicists Biot and Fourier and can be 
expressed by 





[i-i] 


This formula is based on the assumption of a homogeneous substance 
in which a constant temperature difference A,t is held between the 
points of a plane area A and any points at a short perpendicular dis- 
tance ^ from this area. Then a steady heat flow per unit time 
frate of heat flow) occm^ m the direction of decreasing temperature. 
The factor of proportionality k is cafled “ heat conductivity ” or “ ther 
mal conductivity.’^ 

menever heat flows by conduction in the transient or unsteadv 
state the temperature of a fixed point within the material does not 
remain constant; that is, the temperature within a material underaoina 
coolmg or heatmg varies with the time. Some of the industrial nroh 
lems which involve this particular type of heat transmission are the 
annealing of castings, the \nilcamzing of rubber and u x* ’ 
cooling of the walls of buildings, furnaces, and ov^ 

In unidirectional flow of heat by conduction in the 4- ^ x 

in addition to Bq. I-l the following relation for the rate of h 
qsi has to be considered: ^ 


^si P^p(x4. * 

At 

Here Ari means the average temperature increase of the cn K + 
the small volume .1 • Ao: in a short time inteiwal At, when 
the density ' and specific heat, respectively, ‘of that^ ^ 
pCj:(A • Ax)Arl^ apparently is the heat energy stored m 

• Ax in the time Ar. yolnme 

Heat transfer by convection occurs on walls of rooms, on th 
of warm and cold pijjes, and between the surfaces and fliTia« 

of heat exchangers. ^'te ofall, 
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For this tj^pe of heat transmission the following equation which goes 
back to Newton, is in general use: 

qh — hA • At [1-3] 

It simpl^^ states that an invariable temperature difference between 
the area A of a surface and a fluid in contact with it, causes a steady 
heat flow The factor of proportionality h, defined by this equation, 
is called film coefficient of heat transfer or simply coefficient of 
heat transfer.” 

Heat transfer by radiation is important in boiler furnaces, billet- 
reheating furnaces, and other t 3 "pes of heat exchangers. Solar radiation 
plaj^s an important part in the design of heating and ventilating systems. 

The rate of heat, qr, radiated from an area, A, is given by the equation 

qr = €(7AT^ [1-4] 

in which T is the absolute temperature, € is a factor depending on the 
kind of sm’face and on temperature, and <r is a constant of nature, inde- 
pendent of both surface and* temperature. It will be shown that for a 
perfectly black surface 6 = 1. In this case Eq. 1-4 simplifies into 
Stefan-Boltzmami’s law, so called in honor of Stefan who found it 
empirically and Boltzmann who proved it theoretically. 

It is important to note that the majority of industrial problems deal- 
ing with heat exchangers do not involve a single mechanism of heat 
transfer, but a combination of two or more. In a steam condenser the 
transfer of heat is both by conduction and convection from the con- 
densing steam to the cooling water. In the furnaces of large steam gen- 
erators heat is transferred by radiation, convection, and conduction. 

In the following chapters the basic equations governing each type 
of heat transfer and cases dealing wdth a combination of two or more 
of the w^ays of heat transfer wdll be considered. 

1-3 Basic Units 

Consistency of units in numerical calculations is even more important 
in heat transfer than in most other fields of engineering. This is due 
to the complex arrangement and combination of units m equations. 
For instance, many formulas are given as products of pownr functions 
of the variables involved which often have fractional exponents. There 
are some texts and articles of good standing which contain equations 
and tables of mixed units, the use of which leads to serious errors unless 
in each case careful individual consideration is given to the conversion 
of imits. 

As usual in engineering calculations on heat transmission, in this text 
foot and hour are generally used as units of length and time. In 



INTRODUCTION 


addition the use of the units degree Fahrenheit and British thermal imit 
IS ob’nous. The main difficulties arise in the use of the pound forw 
and the corresponding unit of mass, the slug. The latter is that 

1 ^ pound will be accelerated 

Sometimes, however, the pound mass will be used as a unit. Thic! 
wil^ be denoted by lb„„ whereas lb without subscript or with the sub 
script /means pound force in this text. 

® f avoided firet of 

1 m dealmg with the density, p, and the specific weight, 7. Because 

the numencal value of the former in [lb,„/euft] is equal to that of the 
atter m [lb//cu ft], they often are considered as identical. This how- 
ever is erroneous In the same system of units they differ by the 
gravitational acceleration ^ as a factor according to the equation ^ 


mu • ■ li-oj 

The unit of density in the foot-hour-pound force system is the slue 
per cubic/oot. According to Eq. 1-5 the specific weLS which it 

umt of [slug/cu ft] by dimdmg by 32.16 ft/sec®. So, the density of 
water at 68 F is 62.305/32.16 = 1.937 slug/cu ft ^ 

Other physical properties in which force or mass is involved are 

inir 

The physical centimeter-gram^econd system and some other svs- 
SkS ""—y to Aow eo.ve»« o, in SLS. 

reference; 
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THERMAL CONDUCTIVITY 


II-l Dimensions of Thermal Conductivity 

In Eq. I-l the subscript k was used to distinguish the heat flow by 
thermal conduction from that by convection and radiation, and x was 
used to distinguish the temperature difference in the direction x from 
the temperature change in time, denoted by subscript r in Eq. 1-2. 

If only heat flow by conduction independent of time is considered, 
then Eq. I-l may be written without any subscripts : 

q = hA^ [II-l] 


The factor of proportionality k in this relation represents a physical 
property of the substance through which heat is conducted and is 
called “ heat conductivity or “ thermal conductivity,^^ as already 
mentioned. 

WTien physical equations like Eq. II-l are used it is imperative that 
all the constituent parts be expressed in consistent physical units. 
The most satisfactory way to check the physical dimensions in an 
equation is to assume that the numerical magnitude of each term is 
unity and then to consider only the remaining units. The units may 
be operated on as though they were the symbols of an algebraic equation. 
Writing the units in square brackets and expressing the physical dimen- 
sions of k one obtains* from Eq. II-l : 


or 


l[B/hr] = m l[sq ft] 


im 

i[ft] 


[ 11 - 2 ] 


[k] = [Bhr”'fr^F“'] [II-3] 


Equation II-3 gives the physical dimensions of the property k in 
British technical units. 

It is important to note that, whereas in Eq. II-2 sq ft and ft were 
used for the area A = 1 and the distance Ax = 1, respectively, these 

* B means “ British thermal unit and F means degree Fahrenheit,” according 
to the “ American Standard Abbreviations for Scientific and Engineering Terms,” 
1941. 
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are combined into ft ^ in Eq. II-3. This simplification is due to the 
use of consistent units, namely, sq ft for areas and ft for distances in the 

case considered.* 

If another system of units is to be employed, it is only necessary to 
replace the units in Eq. II-3 by their equivalents in the other units. 
For example: 


:f)c] 


1 B = 252 cal (abbreviation for physical calorief) 

1 hr == 3600 sec 
1 ft = 30.48 cm 

1 F = I'-g-) C (abbreviation for degree centigrade) 
and by substitution in Eq. II-3 : 

1[B hr“* ft-i = f 252 cal ^ 

L 3600 sec 30.48 cm (| 

= 0.00413 [cal sec"”^ cm^"^ C""^] 

This is the conversion factor of the thermal conductivity from British 
teclmical^ units into the usual physical units. By similar procedure 
it is possible to find the following conversion factors: 

1 B hr“^ ft-“^ F”^ = 1.488 kcal hr“-i m~-^ C-Hnietric technical units) 

= 0.0173 watt cm”^ (electro-physical units) 

11—2 Factors Which Influence Conductivity 

The numeneal values of k for different substances vary from almost 
2ero for gases under extreme vacuum conditions to about 7000 

hr ft E > been observed for a naturalcopper crystal at 

the vep' low temperature of -422 F. The values of k for a suLtance 
depend on the chemical composition, the physical state and texture, 

and the temperature and pre.ssure. 

From the ^-ien-point of molecular physics thermal conduction is con- 
sidered a transportation of heat energy due to molecular.- motion, 
whereas heat transmission connected with the ordinary flow of a fluid 

lielongs to thermal convection. 

The molecular transmission of heat is smallest in gases. It may be 
compared with the transportation of energy by billiard balls. In a gas 
-space, a.s on a biOiard table, the efficiency of the exchange of enerev is 
exce ent, but the field is almost empty, compared with the size of the 

of a plate 

+ 1 cal Ls the heat q^tity required for heating 1 gram of water by 1 G 1 kcaJ 
Ailo-, aI.,ne, ,s the heat quantity required for heating I kilogram of water by 1 C 
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balls, and since the balls move about in a zigzag manner the total 
energy” exchange for unit space in a given direction is small. Thus the 
heat conductivity of gases is lower than for any other substances. In 
liquids and in electrically insulating solid bodies the heat energy is 
considered to be handed down from places of higher temperature to 
those of lower temperature by elastic oscillations similar to the propa- 
gation of sound. Because for both kinds of substances matter is packed 
much more closely in a given space than for gases, the heat conduction 
of liquids and electrical insulators is much better than that for gases. 
However, the oscillatory transportation of energy is hampered by the 
irregular arrangement of the molecules and atoms in liquids and in 
so-called glassy or amorphous solid substances. In contrast to this, 
the ciy’st allin e structure of a substance, comparable with a chain of 
springs, affords a much more effective propagation of heat energy in 
the direction of an existing temperature decrease, and therefore crys- 
talline substances are much better heat conductors than liquids or 
glassy bodies. In the metallic substances, other important carriers 
of energ;^' enter into the action, which are known as free electrons. 
Experience and theory have shovm that the thermal and electrical 
conductivity of pure metals at the same temperature are approximately 
proportional. 

Details of this complex picture, particularly the theoretical consider- 
ation of the influence of temperature, are be^mnd the scope of this text. 
Only two items of practical significance will be mentioned. In solids 
used for insulating materials, the insulating effect is due mainly to the 
air in the pores which as a gas is a poor conductor of heat. The apparent 
density of a porous or fibrous body which is defined as the ratio of its 
total mass to its total volume,* is small because of the large number of 
air voids. This accounts for the decrease in the heat conductivity of 
insulating materials as the apparent density becomes smaller. If 
water penetrates into a porous substance and fills the pores, for instance 
due to excessive atmospheric humidity, then the body can no longer 
be considered as a combination of solid material and air, but a part of 
it is water with a corresponding higher thermal conductivity value* If 
instead of fine pores, wide air spaces are considered, it might be con- 
cluded that the insulating effect would be the same as for a substance 
having small pores and the same apparent density. This is not true, 
because of air circulation within the large free spaces which decreases 
the insulating effectiveness of the substance. In addition, for the 
same temperature range, more heat is radiated through a substance 

* In the tables of this chapter apparent specific weights ” are used instead of 
apparent densities.^' See the renaark in Sect. 1-3- 
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wh^ J2 

Radiation through the pores is generallv radiation. 

“ i, the poi ie Se *' “ 

considered. too, must be 

These theoretical remarks maTr jxt - 
standing of the large variations^ thTf'^'T^ ^ general under- 
various materials vliich are presented in S values of 

information and use in numeral ouf' following sections for 

far as possible, from smaller to larger vtluts oT* ^ sequence is, as 
dimei^jons are not indicated explicSlv th. Physical 

T»p.„t„»„r“Si„tv2.'srr ^ *» 

n--3 Gases and Vapors 

nulbe? o?~iastr^d^vapor'l2“Sl*^ 32 P and 212 F for a 
table relates to a range in which aecordins- + weight. The 

tte pre^e has no appreciable Muence“f Se experience, 

Th^ IS the case for moderate vacuum conditirt conductivity, 

mately atmospheric pressure, except for thocT'^’ approxi- 

iqmds or not far removed from saturatin + ® aabstanees which are 
tabk, i, i. .pp„„t ttat the ^ From th. 

vnth higher molecular weight is 


0.022 



Fig. II-l. Thermal conductivity of 


some gases and vapors. 
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Figui’e II-l shows the variation of the thermal conductivity with 
temperature for some gases and vapors. In general, the thermal con- 
ductility increases wnth an increase in temperature. 


TABLE n-1 

ThEIQUUL COXBUCTIVITY OF GaSES AND VaPORS AT MODERATE VACUUM 

Pressures 


Gas or Vapor 

Chemical 

Formula 

Molecular 

Weight 

Thermal C 
[B hr-i 

£ 

32 F 

ionductivity 
ft-i p-ij 

it 

212 F 

Hydrogen 

Hs 

2 

0.099 

0.124 

Helium 

He 

4 

0.082 

0.097 

Methane 

CH4 

16 

0.0175 


Ammonia 

NHs 

17 

0.0124 

0.0171 

Water vapor 

H 2 O 

18 


0.013 

Nitrogen 

No 

28 

0.0141 

0.0175 

Ethylene 

C 2 H 4 

28 

0.0097 

0.0154 

Air 


29 

0.0141 

0.0177 

Ethane 

Colle • 

30 

0.0104 

0.0184 

Oxygen 

Oo**^ 

32 

0.0141 

0.0181 

Carbon dioxide 

CO 2 

44 

0.0081 

0.0121 

Ethyl alcohol 

C 2 H 5 OH 

46 

0.0081 

0.0121 

Benzene 

CeHe 

78 

0.0050 

0.0101 

Carbon tetrachloride 

CCI4 

154 


0.0050 


n-4 Liquids 


Accurate data are only available for a few liquids. 
Fig. II-2 show the thermal 
conductivity of water as a 
function of temperature. It 
is seen that a maximum oc- 
curs at about 250 F. Water 
is the best conductor of all 
non-metallic liquids. The 
heat conducti\’ity of organic 
liquids at ordinary tempera- 
ture is of the order of mag- 
nitude of 0. 1 B hr~^ ft“^ F“^ 
with variations of seldom 
more than ±20 per cent. 


Table II-2 and 



Fig. II— 2 . Thermal conductivity of water. 
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TABLE II-2 

Thermal CoNDucnviTy or Water for Various Temperatures 


Temperature 

Thermal Conductivity' 

F 

B hr-i ft“i 

40 

0.327 

50 

0.333 

60 

0.336 

70 

0.344 

80 

0.349 

90 

0.354 

100 

0.360 

110 

0.364 

120 

0.366 

130 

0.371 

140 

0.377 

150 

0.381 


*Data taken from A. Eueken and M. Jakob. Der Ch&mie^Ingenieur, VoL I, Part 1, Chapter VI. 
Akademisehe Yerlagsgesellsehaft, Leipzig, 1933. 

n-5 Insulating Materials 

Several of th.e most used types will be described here in some detail. 
In the selection of a suitable insulation such factors as insulation 
efficiency jf resistance against temperature, shock, or corrosive chemical 
fumes, cost, and reuse value should all be considered. In general, all 
heat-insulating materials may be grouped into the following general 
classes. 



Fig. 

t Defined in Sect. XII--3. 


.. Cork block insulation. 
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11-5: 


{a) Low-Temperature Insidations 

In this class the insulators are used to prevent freezing or sweating 
and to insulate ice-water pipes and other refrigeration equipment. 
The materials are manufactured so as to have a low conductivity and a 
durable s tincture imder moisture conditions. The problem of keeping 
moisture away from the cold surfaces and at the same time keeping it 
outside of the insulation itself is of paramount importance in the design 
of iow-temperatiire insulation. Cattle hair, wool felt, cork, and various 
eonibinations of these serve extensively as raw materials. Cork is 



Fig. n-4. Pipe covering used to prevent sweating. 


used in many forms such as sheets, blocks, or bulk. Figure II-3 shows 
a section of coz*k block. In Fig. II-4 is to be seen a combined low- 
temperature pipe insulator designed to prevent sweating and to protect 
against moisture. 

(h) Insulation for Building Purposes 

This t 3 ^pe of insulation is used primarily for reducing the heat loss, 
from building walls, roofs, etc., duidng cold weather and the heat pene- 
tration during warm weather. Aside from cork, many special insu- 
lations as rock wool, slag wool, and glass wool are used. The latter 
three consist of fine fibers which resemble the general appearance of 
raw cotton. The fibers are made by blowing the molten material into 
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thermal conductivity 



Pig. II— 6. Glass wcx>i. 
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thread form. These insulators are applied in bulk foim, blankets, and 
special reinforced batts. Samples of rock wool and glass wool are 
shown in Figs. II -5 and 6 respectively, 

Xletaliic or reflecting t 3 ^pe insulation is also used in this field. It 
consists essentially of very thin metal foils w'hich, for instance, can be 
fastened to building paper. The insulating effect of such metallic sur- 
faces will he explained later. (See Sect. XII-’4.) 



Fig. II-7. Asbestos paper pipe insulation. 


(c) Insulation for Heating and Process Work 

Owing to the relatively low temperatures encountered in this field 
(150 to 300 F) asbestos paper structures are extensively used. They 
have the advantages of a rather small conductivity and low cost. 
Asbestos paper is not suited to much higher temperatures because of 
the decomposition of the binder. Figure II-7 illustrates a type of 
pipe insulation made up of layers of asbestos paper having thin 
air spaces between layers. The structure is to be seen clearly in the 
figure. Figure II-8 shows a section of corrugated asbestos paper 
insulation board. The same type is also made in the form of pipe 
insulation. 
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Fig. 11-8. Corrugated asbestos paper board insulation. 


(d) Insulation in the Power Generation Field 

In tb-is field the temperatures encountered are usually between 3 
and 600 F. Because the resistance of the insulation to mechanic 

vibration and shock must be 
an insulation composed of 85% 
magnesia and 15% asbestos called 
“ 85% magnesia '' is often used. 
It is very effective and has high 
reuse value. Asbestos sponge felt 
and many other materials are like- 
wise on the market. Figure II-9 
shows a piece of 85% magnesia ” 
pipe insulation. Figure II— 9(X gives 
the thermal conductivity of the ma- 
terial independent of temperature. 

(e) High-’Temperature Insulations 
Diatomaceous earth and asbestos 
are used primarily in this range 
(600 to 1900 F) because of their re- 
sistance to decomposition and high 
temperatures. Diatomaceous earth is excellent in insulating value, 
temperature resistance, strength, and durability. It consists of tiny 
silica skeletons of '' diatoms/" microscopic plants which have been 
deposited millions of years ago. Layers of this material have been 



Fig. II-9. Pipe insulation made of 85% 
magnesia and 15% asbestos. 
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Fig. II— 9a. Thermal coriducti\’ity of an insulation consisting of 85% magnesia and 
1.5% asbestos ha\ing an apparent specific weight of 16.9 lb /ft®. 

Daia fron. R. H. Heilman, Ir.du^-iriai and Engineerina Chemistry, 28, 7S2 (1936). 

found which are 1400 ft thick. It is used either in natural form 
Celite) or in the form of insulating bricks which are made by grinding 
the earth, pugging, pressing, and firing it in kilns. An insulating brick 
cut from the material as found in nature is shown in Fig. II-IO. Satv 
marks on the sides and layer marks on the top surface are visible. 

Asbestos is a silicate mineral having the characteristic properties of 
fibrous stmcture and fire resistance. Diatomaceous earth and asbestos 
are often mixed together to form effective insulations for this tempera- 
ture range. 



Fig. II-IO. Insulating brick cut from natural Celite. 



than 600 F on the 
fs-ce. A layer of “ 
nesi 

the “temperature 
tion to decrease furtt 
heatloss. 

- piece of combined 
temperature and 85 ^( 
nesia insulations for i 
bigh-temperature pipes 
Many other types of 
lations are on the 
but a complete discussi 
beyond the scope of this 
In Table II-3 are ^ 
data relative to the cor 
ivity of some insulating 
terials together with 
apparent specific weixrhf. 


Conductivity 
fB hr-i ft-i jr-ij 
at 


0.0354 

0.0217 

0.0179 

0.0163 

0.0237 

0.0212 

0.0233 

0.0321 

0.0150 

0.0171 

0.0183 


0.0430 

0.0313 

0.0239 

0.0218 

0.0269 

0 . 02 ^ 

0.0262 

0.0344 

0 . 0 ^ 

0.0228 


0.0525 

0.0435 

0.0317 

0.0288 

0.0310 

0.0299 

0.0295 

0.0373 

0.0317 

0.0299 
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mean temperature. The thermal conductivity of powdered diatoma- 
ceous earth for various apparent specific weights can be taken from 
Table II-4. Examination of the data in these tables indicates that 
the thermal conductivity of insulating materials increases with tempera- 
ture and apparent specific weight. The increase due to temperature 
is greater for the lower apparent specific weights. 


TABLE II-4* 

Thermal Coxductiwty of Powdered Diatomaceous Earth 
< ^ ^ Thermal Conductivitv 

'spWkc ft”' F-'l 


lb cu ft i 

! 100 F 

’ 200 F 

j 

1 300 F 

400 F 

1 

500 F 

600 F 

10 * 

' 0.024 

' 0.029 

1 0.034 

0.038 

0.044 

0.048 

14 

0.030 

; 0.033 

! 0.036 

0.039 

! 0.043 

0.046 

IS 

0.03S 

: 0.040 

I 0.043 

0.045 

0.048 

0.049 


* Data takea from Diatomaceous Earth by R. Calvert, Chemical Catalog Co,, Inc., 1930, 


The size and number of the spaces within the insulating material as 
well as the arrangement of the fibers in fibrous materials have a marked 
influence on the thermal conductivity. 

n-6 Refractory Materials 

In the design and construction of furnaces and related apparatus 
refractor^" materials are used owing to their ability to withstand high 
temperatures without serious deterioration. It is sometimes desirable 
to select refractor^'” materials of low thermal conductivity, whereas in 
other cases, good conductors of heat are required. Table II-5 shows 
the thermal conductivity of twelve different types. 

From the data on kaolin bricks in this table it is apparent that for a 
given temperature the thermal conductivity decreases as the porosity 
increases. This comes from the insulating effect of small air spaces 
which has already been mentioned . 

The thermal conducti\ut 3 " of most of the refractories quoted in 
Table II-o increases with temperature. The opposite is true with the 
magnesite brick and the silicon carbide brick. The reason for this 
different beha\dor must be sought in the inner structure of the re- 
fraetor 3 ^ materials (Ref. II-l). It has been found, theoretically as 
well as by experiments, that the thermal eonducti\dty of crystals varies 
as the reciprocal of the absolute temperature, whereas amorphous 
(glassy) substances show an increase of the conductivity with the 
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reinperatiire. So in a complex refractory material the crystalline com- 
ponents act in the one direction, the glassy components, the air in the 
pores, and the radiation through the pores act in the opposite direction 
as poneerns the influence of temperature on the apparent heat con- 
ductivity'. The two mentioned bricks apparently consisted tnainly of 
crystalline const itiieriis." The great value of the thermal conductivity 
of the magnesite brick at 392 F is a consequence of this behavior. For 
the same temperature, heat conductivities of magnesite bricks up to 
/: > 3, and for silicon carbide bricks up to A: > 11 have been observed 
by reliable inve-tigatois. 



Fig. II~12. Thermal conducti\’ity of Douglas fir at a mean temperature of 75 F. 

Data taken from ** Thermal Conduc^i^'ity of Building Materials,” by F. B. Rowley and A. B. 
Aigren, Buileiin 12, Engineering Experiment Station, University of Minnesota, 1937. 

n-7 Btdlding Materials 

The thermal conductitdty of wood depends upon such factors as 
moisture content, density, and temperature. Figure 11-12 shows the 
variation of the thermal conductivity of Douglas fir for various specific 
weights and moisture contents at a mean temperature of 75 F. From 
the figure it is seen that for a given moisture content the thermal con- 
ductivity varies linearly vdth the specific weight and that it increases 



AJU {JUND uc 


shots*aeT2mal Figure ij 

weights at a constant moisture contenro^ia^^”*^® different spe, 
represents the results fairly well.* ^ ^ ^ straight; 


1 California redwood 

2 Douglas fir 

3 Eastern hemlock 

4 Hard maple 

5 J-pngleaf yellow pin 

6 Norway pine 

7 Ponderosa pine 
o Red cypress 

9 Red oak 

yellow pm 
H spruce 
12 Sugar pine 

14 West coast hemlock 

16 White ash 

17 White fir 

18 White oak 

20Y°,lJf’®''"“Wep,„e 
20 Yellow birch 



specific Weight, Ib/cuft 

average specie we 
content. cent mois 

Thermal conductivities for varinnQ 
SSig''-®- -«-nee 

* The most recent results of exDerim#^n+Q t t. 

see Mech. Mng 63 734 /I 04 ,iu « x of J. D. hfacXiean on • 

bis teirt. ’ knowledge too 

m nrerwi.H 
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il-S. 


TABLE II-6 

Thermjil CoxBrcTiriTT for Various Building Materials 


Material 

: Apparent 

; Specific Weight 

1 Ib/cu ft 

Thermal 

Conductivity 

B hr-^ ft"^ F-i 

.-Isphalt 

' 130 

0,40 

Bnek, drj’ 

105 

0.30 

IV rsioisture by volume 

105 

0-40 

2'^^- moisture by volume 

105 

0.60 

Cuiicreie. drjr 

120 

0.45 

lOV moisture by volume 

140 

0.70 

reinforced 

140 

0.75 

Glass 


0 . 5 to 0.6 

Gypsum, dry 

SO 

0.25 

Limestone, fine grain, dry 

! 105 

0.40 

fine grain, 15 V moisture by volume 

105 

0.55 

coarse grain, dry 1 

125 

0.55 

Linoleum 

1 75 

0.11 

Plastic, with 2V moist ui-e by volume 
Rubber, \-ulcani 2 ed, soft, with 40V pui*e 

115 

0.5 to 0.6 

rubber 


0.17 

with 90V pure rubber 


0.10 

Sand, diw' 

95 

0.20 

10 V moisture by volume 

100 

0.60 

Soil, dry 

125 

0.30 

fresh ciaj’, 2SV moisture by volume 

125 

1.35 


n-8 Metals and Alloys 

Pure metals are the best heat conductors. Because of their crys- 
taliine structure, the thermal conductivity increases inversely to the 
absolute temperature as vith non-metallic crystals. Impurities, how- 
ever, disturb the free conduction; they have not only the effect of 
reducing the heat conducti\ity appreciably, but also they likewise 
may change the decrease of the conductivity to an increase mth tempera- 
ture in the higher temperature range. Alloys generally behave like 
amorphous substances having relatively small thermal conductivities 
which increase with temperature; but a decrease is sometimes observed 
as well. 

Table II-7 gives values of the thermal conductivity of entirely or 
rather pure metals. The mentioned influence of temperature and the 
effect of even small impurities vill be noticed. 

Values for a few non-iron alloys are given in Table II-8. Here the 
increase of the conductivity with the temperature is general, and it is 
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table II~7 

Thebmal CoNDtJCTiv-iw OP Dippbbent Metals 



table 11-8 

_^hmal OP Some Non-xbon Allots 


Material 


Brass: 70% Cu, 30% Zn 
“ Chromel A S0% Xi, 20% Cr 
Chromel P 90% Xi, 10% Cr 
Gunbronze: S6% Cu, 9% Sn, 4c>. 
Zn 

Monel: 67% Xi, 29% Cu 



further seen that some alloys conduct th^wTir'Y ^ 

constituents. ^ flian smy of their 

Table II— 9 contains values for snmo Ji-r,,, n 

Sth ^ mcreasing chromium iS'nSLf 

uce the conducti\ntr to about one-half or 
wought iron. The decrease of thethennal conductS. 

-ernperature turns to an increase only for the high-gra(i!^^^“^“^®^“S 

iickel steels. ^ ^ and 

The range in values of the thermal conductivity for varl 

apors, liquids, and solids is represented in Fig. II-14 gases, 
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CHAPTER III 

CONDUCTION OF HEAT IN THE STEADY STATE 
ni-l Definition of Steady State 

A steady state transmission of heat by conduction exists whenever 
the flow of thermal energj- during equal intervals of time is constant, 
and the temperatures at various positions within the material remain 
fixed. In order to apply the basic law (Eq. I-l) to different specific 
oases, it may be expressed in the followfing differential form: 

g = [III-l] 


The negative sign indicates that the temperature decreases as the 
distance from a reference point in the direction of the heat flow increases. 
This formula may also be used if the area and thermal conductivity 
both varj- with x. By integrating the equation, there results a number 
of equations which can be used for solving problems which occur in 


engineering practice. In this chap- 
ter only cases where the surface 
temperatures of the bodies under 
consideration are known will be dis- 
cussed. 

in-2 Conduction Through a Homo- 
geneous Plane Wall 

It will be assumed that the ma- 
terial composing the wall is homo- 



geneous and that the thermal con- Fig. Ill-l. Homogeneous plane wall. 


ductivity of the wall material is 


independent of the temperature. The direction of the heat flow together 
with the two surface temperatures is indicated in Fig. III-l. The first 


step necessary in the analysis of the problem is the separation of the 
variables in Eq. III-l. This leads to 


dx 


—kA • dt 



2C CONDUCTION OF HEAT IN THE STEADY STATE 

Integrating this relation gives 


X 


-kAt 


+ C 


where C represents a constant of integration u i 

from the following boundary conditiofs (see Fig m 

men x=xi, t = t^ and when rr = L t J', 
conditions in the integrated relation gives ke foil 


—kAti 



+ C 


X2 = 


2 + C 


The constant C is eliminated b\' subtraetino- iFo i 

the upper: i^uDtraetmg the lower equation from 

_ —kAt2 

1 q 


X-l ~ X2 =■ 


Soh-ing this equation for a aive-j a 

heat flowing through the wall: calculating tlie 


q = 


^2 — Xi 


[IIM] 


In this equation {h ~ tz) and (x, ~ \ 

difference and the thickness of the wall temperature 

to the area and thermal conductivity of^tF ^ * '^eler 

^ = ti — tz and Ax = xz — xi Eo TlT-o material. Introducing 
the development started, namely ' from which 


q = kA 


Ax 


[llril 


but now without the restriction that Aa and a/ k 
I f one expresses q in B/hr,* A in sq ft nfi^ p^* 
o^er to have consistent units, k must be in B h;-i “ 

ft comes from A/Ax, whihh indicates the r.1 • ^ rinit 

thickness Aa into foot units when it is given in ^ ^ convert the 
In practice k is often expressed in ^ 


B/sq ft 
hr • F/in. 


units 


See footnote, p. 5. 
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where the cross-sectional area is expressed in sq ft and the thickness in 
inch units. This practice is objectionable in that it leads to compli- 
cations and errors when bodies other than plane plates are to be dealt 
with. 


Example III-l. The interior of an oven is maintained at a temperature 
of 1500 F by means of suitable control apparatus. If the walls of the oven 
are 0 in. thick and constructed from a material having a thermal conductivity 
of O.ls B hr~- :t~‘ F"% calculate the heat loss for each square foot of wall 
surface per hour. Assume that the inside and outside wall temperatures 
:ire 150U F and 400 F respectively. 

Solution: Equation III-2 apphes here. Substituting the necessary values 
and dimensions, particularly Ax — H 2 ft, in the equation, gives 


or 


q = O.lS(l) 


1500 - 400 
9/12 


264 B/hr 


q/A = 264 B hr-^ 


This answer indicates that 264 British thermal units will flow through each 
square foot of wall area per 
hour. 


111-3 Conduction Through 

a Composite Plane Wall 

Equation III-2 wdll now 
be used to establish a re- 
lation for the heat flow 
through a composite w’^all 
shown in Fig. III-2. As in 
the previous case, it will 
foe assumed that the ther- 
mal conductivities for the 



Firebrick 

ki2 

Insulat- 

ing 

brick 

^23 

brick 

^34 


< > 

' ^2 ' 




r 

L Yj, 



1 

\ 

U 

{Aa:)j2 ^ 

^3 

-«(aa)23»- 

u 


Fig. 111—2. Composite plane wall. 


various materials composing the w^all are independent of the tem- 
peratures. The heat flow through an area A is the same for each 
section and may be represented as: 




ki2A(ti — ^ 2 ) 
(^)l2 

k23A (f2 — is) 

(^)23 

ks^ A its ~~ ij) 
iAx)B4 


for the firebrick 


for the insulating brick 


for the red brick 
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aolvmgforthevAiieaistempeiAtnmdamiiioee: 

- <2 = 


^12-4 

- <3 = 

^23-4. 

Q (Ax )3 4 
^34^ 


h — ts 
ts — t4 — 


nrin i-s. j • 

obtained : temperature differences the following 


or 


h ~ U = + 1^3 (/kr) 34 -] 


$ = ^(h — t^) 

+ i^£)23 , 

*23 + 1 — 


[III-3) 

■Kiis equation may be KenerflliVcd 

total temperature difference r layers. Calling 

E also m the denominator, givi ^ summation sign 

.- 4E(A0 

2 ~ 

Example III~2. The wall f ^ 

5 in. of insulating brick, and 7 5 in^'^of ^ pade up of 9 in. of firebrick 

Se 0^ firebS 

. 0.08, and 0.5 B hr~i ft^i p-i ^/^sulating brick, and red brick 

2 and ^3 at the contact surfaces of the calculate the temperatures 

brief insularing b “fTnd ri 

tively and ^ waU that the inner and 

„ L"-cs sf ^ — 

wall IS obtained from Eq. 

g = _ 1(1500 - T.tjm 

= 180 B/hr 

0.08 +-5^* 

femce this value of <7 is eonni , 

the -ti^. Eq 

^hieh jdelds = 1312 K In^S mt^Lr ^ 

is = 375 F 
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in-4 Heat Resistance 

The heat resistance or thermal resistance, R, is defined as the ratio 
of the length of the heat flow path to the product of the therrnal con- 
ductivity and the area. Units of the heat resistance are B ^ hr F. 
In terms of this concept, Eq. III-2 may be written in the following 

manner: 




tl — t2 


R 


E 

This relation is similar to Ohm's law, 7 = — . The analogous terms in 

Rjq 

the two equations are electrical potential {E) and thermal potential 
'h ~ ^ 2 )? the electrical resistance {Re) and heat resistance {R), and 
the electrical current (I) and heat flow* {q). Equation III-3 reduces to 
the following if the resistance term R is used: 


g = 


d" R2Z d” -^34 

Accordingly, the solution of Ex. III-2 on this basis becomes 

1500 ~ 150 


[Ill-Sa] 


1.04 d- 5.21 d- 1.25 


= 180 B/hr 


in-5 Conduction Through a Homogeneous Cylinder Wall 

For this case a cylindrical section of insulation surrounding the pipe 
shoTrn in Fig. III-3 will be used in the analysis. It mil again be assumed 
that the insulating material is homogeneous 
and that the thermal conductivity of the 
material is independent of temperature. The 
rate of the heat which flows radially through 
the differential volume 27rr - dr * L is 

g= -k- 2xr • L ~ [III-4] 

dr 

In this relation r represents the variable ra- 
dius ^f the pipe and L the length of the sec- 
tion. For simplification, a linear foot of pipe 
^ill be selected so that L equals unity. In 

order to keep the equation consistent in units, g' = g/Z in B hr”"^ ft“^ 
is introduced. Equation III-4 will now be orenared for inteffration hv 



Pig. Ill— 3. Homogeneous 
cylinder wall. 
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grouping the terms as follows: 

di = — 

Integrating, 


q ' ^ 

27rk r 


i = 


2 Trk 


In r -f- C 


m 


" n A/ [lit 

’^o^ary conditionrfseTKg.^I^S)*^® determined from the follow 
Eq. III-6 one obtains^ ^ - ^ 2 , t = < 2 . Substituting this 


^2 






Solvmg this relation for q' gives +h» a- 

passing radially through a evlindrical calculating the hi 

leiigth: ® ejiindrical section of pipe insulation 1 ft 

q' = fa - 

In rs/n [III- 

«. ... , 

ductmty of 0.0375 B hr-^ ft-i an average thermal co 

face temperatures of the insulation aret?o p and outer so 

- The outside diameter Tf a 2 

AnJ ■“■ ^ ^ T® diameter, the insulationT™^^ ^ “• 

Applying Eq. III-6. the heat loss Per Sar to " 


^ 271-0.0375(380 


80) 

~ 116 B hLr~"i ft-i 


£375/12 

n^total heat loss for 30 ft of pipe is equal to (116) (30) = 3480 B/hr. 

ni^ traduction Through a Composite Cylinder Wa„ 

few'lf heat PerTtola!. f^fttroug?Se^^^^ calculating 

The heat flow thmugh each section i th”^ 

steady state j 
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is represented 


^ 27rki2(ti — fe) ^ xU * 1 

q = ; ; for the inner layer 

In r2/ ri 

, 2n-/:23(^2 ~ ^ 3 ) 


in rz/ro 

Solving for the temperature differences 

In ro/^T 


for the outer layer 


- ^2 = 
^ — ^3 = 


2Wji2 
q' In 7'3/r2 
27rk23 



By adding these two temperature differences 

, _ , ^ ^ / In T-a/ri , In rsA 


or 




27r \ ki2 k\ 

27r(ti — ts) 


•3/»'2 \ 
23 / 


( In r 2 /i 
*12 


• 2 A 1 In r3/?-2 \ 




[iri-7] 


Generalizing this relation for the case of (n — 1 ) layers, one obtains 

, 2T(fl - i„) 

q 

y. (hi 

^ k 


where indicates a sum to be extended over all integers from m = 1 to 
m — n — 1. 
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insulation consisting of IJ^ in. of insulation T r,i ®°“^Posite fi|> 

■2 in. of insulation II placed upon SSon I f ^ 

outer surface temperatures of the nr, that the inneraj- 

110 P respectively, and that the insulation are 700 Fa“' 


13.760/12 


2t (700—110) 


_ 17.750/12 

- 10 - 750/12 , ii^ioTii 
0-05 0.039 


= 323 B hr-i ft-i 


ni-7 Influence of Variable Conductivity 

wan assumed to be iifdepeSenttf thTtem^^^^^ 
holds only approximately as the ^^perature. This assumption 

■OTth the temperature. For many materials vanes 

the thermal conductivity with the +e ^ the variation of 

the linear function; emperature may be represented by 


* = ^:o(i + Kt) 


•» ‘‘e .ow .Cr. « o, ^ 


^(1 + Kt) 


where q — Integrating 


dt 

dx 


q'% 


ar 

/ 


+ c 


By sutetituting for the boundary conditions t - , 
f - fa at a; = i == ti, at x = xi and 
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By subtracting, C is eliminated, and by rearranging the following is 

obtained: 


rf 7 

q = Lq 


2 JX2 — Xi X2 — Xi 


[III-9] 


where the quantity = /:o j^l + ^ (h + ^^ 2 ) J represents a mean value 

of the thermal conduct i^dty. Therefore, if a linear function exists be- 
tween the thermal conductivity and the temperature as given by 
Eq. III-S, the value of k in Eq. III-2 may be replaced by a value of k 
taken at the mean temperature. It has been shown (see p. 40 of 
Ref. I-l) that the same holds for Eq. III-6 and also for the case of 
a sphere (see Problem 111-16). 


Example III-o. Calculate the heat loss through 1 sq ft of a flat slab of 
S55c magnesia 159c asbestos insulation 2 in. thick if the surface temperatures 
are 260 F and ISO F respectively. 

Solution: For a mean temperature of 220 F, Fig. II-9a 3 delds 

Av. = 0.0377 B hr-i ft”! F"^ 


and by use of Eq. III-9 the heat loss becomes 


= 0.037 


„ 260 - ISO 

d 


2/12 


18.1 B hr“i ft-2 


q = Aq” = 18.1 B/hr 


PROBLEMS 

III-l. If the heat loss per hour through 1 sq ft of a furnace wall 18 in. thick is 
520 B, determine the outside surface temperature of the wall material. Assume an 
inside surface temperature of 1900 F and an average thermal conductivity of 0.61 
B hr-^ F~h 

ni“2. The wall of a cold-storage room is made up of 12 in. of cork having a mean 
thermal conductivity of 0.02S B hr~^ ft~^ F“^. If the inside and outside surface- 
temperatures are 20 F and 70 F respectively, calculate the temperature at a plane 
S in. from the cold inner surface. 

Ill— 3. Calculate the heat loss from a composite furnace wall made up of 9 in. of 
firebrick, 6 in. of insulating brick, and 4 in. of red brick. The inside and outside 
surface temperatures of the wall are 2000 F and 110 F respectively. The mean 
thermal conductivity values for the firebrick, insulating brick, and red brick are 
0.7, 0-08, and 1.0 B hr“^ ft“"^ F~^ respectively, 

III-4. Verify the following: In order to convert A: in B hr"”^ ft“^ F~^ to 
w^att cm~^ multiply by 0.0173. 

TV / cn f+ 

III-5. Convert a value for k of 60 r-~r ; — into B hr“^ ft~^ 

hr F/in. 



34 


CONDUCTION OF HEAT IN THE STEADY STATE 

III-6. Calculate the heat passing through a furnace wall 9 in. thick if the inarie 
and outside surface temperatures are 1800 F and 390 F respectively. Assume th • 
the mean thermal conductivity for the wall material is 0.667 B hr~^ ft~^ 

III-7. If 0.3 in. of insulation {k = 0.046 B hr'i ft”^ F-^) is added to the ’outside 
surface of the wall in Problem III-6 and reduces the heat loss 20 per cent, calcuktf 
the outside surface temperature of the wall. ’ ^ 

III-8. If the cost of insulation in Problem III-7 is SI. 37 per sq ft, calculate th 
time required to pay for the insulation. Base the calculation on twenty-four hours’ 
operation per day and one hundred and seventy-five days per year. Heat to h 
valued at 23 cents per million B. * oe 

in-9. A wall of 0.8-ft thickness is to be constructed from material which has 
an average thermal conductivity of 0.75 B hr'i ft”! F"h The wall is to be insulated 
with material having an average thermal conductivity of 0.2 B hr“^ ft~^ F~^ so that 
the heat loss per square foot will not exceed 580 B per hour. If the inner and oute 
surface temperatures of the insulated wall are to be 2400 F and 80 F respectively 
calculate the thickness of insulation required. 

III-IO. Prove that the heat loss per square foot of outer surface of an insulated 
pipe is equal to the following relations: 

// 2, k(t I — ^ 2 ) 

* 


// 0.868 kjti — ^ 2 ) 


= 


D 2 log 


Dx 


In these relations D refers to the diameter. 

of folio vung equation expresses the heat loss per square foot 

of outside surface area from a pipe insulated with three layers. 


5 = 


0 . 868( ^1 - U ) 

£1 
k>2 


?r+- log 

\kl2 Di k23 ksi ^ Ds ) 


surface for a 4-in. nominal 

pipe covered with J-a m. of insulation (ft = 0.047 B hr-^ ft-* I^*) if the outside and 
ins^e tempera^s of the insulation are 90 F and 400 F respectively. 

(ftm = O.Oos'b hr-i ft^ ^^Inn^^hiTl^lo insulation 

0 Oil B hr-* ft-* F-il n I I * .u ^ower-temperature insulation (ft® = 

outer surtce tem^ture « * 1*0 inner and 

outer s^iacetem^rat^s of the insulation are 800 F and 100 F respectively. 

Ill 14. Calculate the heat loss per linear foot for an S-in <af * .4 'd-u 

and 2 m. of insulation II - 0.041 B hr-^ ffi p-i^ if 
surface temperatures of the insulation are 650 F ion J' 

heat loss for 800 sq ft of outer pipe surface. ^ ^ respectively, calculate the 
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IiI-16. Prove that the heat loss per square foot of outside surface area of a hollow 
sphere heated from within is equal to 

,, 2Hh-t2) 


where ii and are the temperatures and Di and Z>2 are the diameters of the inner 
and outer surface respectively. 

III-17. Calculate the heat loss per square foot of outside surface area for a heated 
sphere 6 in. in diameter covered with 2 in. of insulation (km = 0-04 B hr~^ ft~^ F“^). 
The inside and outside surface temperatures of the insulation are 600 F and ISO F 
respectively. 

III-IS. A hollow sphere is heated b\" means of a heating coil having a resistance 
of 100 ohms placed in the inside cavity. If the average thermal conductivity of the 
sphere material is 30 B hr~^ ft~^ F~^, calculate the current necessary to maintain 
a temperature difference between the inside and outside surfaces of 8 F. The inside 
and outside diameters of the sphere are S and 9 in. respectively. 

III-19. Plot a cuiw'e based on calculated data which will indicate the heat loss 
per linear foot per hour for various thicknesses of insulation on a 1-in. nominal pipe. 
Assume that the inside and outside surface temperatures of the insulation are 500 F 
and 100 F respectively'. Assume also that the mean value of k is 0.3 B hr~^ ft"^ F"“^. 

III-20. A hollow sphere whose inner and outer diameters are 14 cm and 16 cm 
respectively is heated by means of a resistance coil (20 ohm) placed inside the sphere. 
If /: for the sphere material is 20 B hr~^ ft~^ compute the current necessary to 
keep the two surfaces at a steady temperature difference of 4 C and calculate the 
heat supplied in calories per second. 



CHAPTER IV 

IV-1 OenerTlZtZrv'" STATE 

B tke mte of kL « State 

^Portant eases of heat eon^ ^itb some onL^' 

waU during the f ^''^“P^^'^theflowofheTt^ 

.XTa*~=s i'-wss 

■-^ ‘'"“'"‘'--Sk'ass 



L Pront view of tjv tt 

incomtog ^d*ouf 

g and outgoing heat flow. 

Ine general equation for fh^ fl /. 

pi»?pSs;s £"s*/" ‘‘“"'tapM "■ 

floie be nniSmf a.“i '** ‘U'lmess i. ft j, ® of the plate. 

PlPte. *“ »- «.e «. 1 heat 

view, are perfectly insulated a 6f ;« 

will flow only in fL heat losses or ■ sectional 

™e direction j. or gams. Th,a^ {^gat 
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GEXER.^ HQUATIOXS FOR UNSTEADY STATE 

The rate of flow of the heat which enters at the left surface may be 
called go, that which leaves at the right gz,, both being unvariabie 

\\dth time, and go > g^. 

At a certain instant of time r, the distribution of temperature t across 
the plate may be given by the curve a in Fig. IV-3a. The rate of heat 
flow g^ at any distance x from the left-hand surface can be found from 
this curve by means of Eq. III-l which in the present case will be 

written as 

^ PV-l] 


Here the partial derivative dt/dx has been chosen instead of dt/dx in 
order to indicate that the temperature t does not only vary "with the 
distance x, but like^%ise also with the time r. The latter change will be 
indicated b\" dt/dr. 

The slope of cun e a is dt/dx = tan It is often called the temper- 
ature gradient.” If t decreases when x increases, dt/dx is negative. • 
Then, according to Eq. becomes positive. This is the ease of 

heat conduction in the direction of increasing x. 

For ar = 0 and x = L the slope dt/dx can be calculated by substituting 
the given constant values qa and for g,, in Eq. IV-1. Using the sub- 
scripts 0 and E for the gradient at x = 0 and a; = L, this equation yields 


and 



go 

kA 

[IV-2] 

Ql 

kA 

[rv-3] 


Since it was assumed that go > Ql, it follows that curve a will be steeper 
on the left than on the right surface, as shown in Fig. IV-3a. 

By talmg tan 4> from this figure for different distances x one fibads the 
distribution of the temperature gradient dt/dx across the plate It is 
represented by the curve h in Fig. IV-36. Since t decreases from left 
to nght, the ordinates of cun-e b are negative throughout. According to 
Eq. IV-1 each ordinate of curve h must be multiplied by {-kA) in 
order to obtain the heat flow g^ as a function of x. Obviously all 
values of g,, become positive in the present case and because curve 6 is 
rising from left to right, the heat flow g^ -Rill decrease from left to rieht 
(Cun’e c in Fig. lY-Sc. ) ^ 

The heat flow, however, according to the law of conservation of 
eiiei®^ can decrease only when heat is to be stored in the wall. To find 
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Fig. IV-Sa, Temperature distribution (Ex 
IV-1). 
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Fig. IV“3t. Temperature gradient (En 
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Fig. IV~3c. Heat flow (Ex. IV-1). 
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Fig. IV-3d. Slope of temperature gradient 
(Ex. IV-1). 
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this storage, a piece of the waii of diiierentiai length dx may be con- 
sidered. 

From Fig, IY~3c it is seen that 

q 2 = qi -f . (tan }dx = gi + [IV-4] 

where the subscript 1 relates to the place xi and 2 to the place X 2 = 

Xi “F dx. 

From Eq. IV-l it follows by differentiation that 

dq. ^ 

dx dx^ 


WTien this is substituted in Eq. IV-4 and the subscript of the derivative 
is omitted 


q 2 = qi — kA ^ dx 


[IV-5] 


or 


dqs = qi 


dH 

kA ^ dx 
dx- 


[IV-6] 


Because qi is the rate of heat flow entering the differential piece at 
a'l and g 2 that leaving at X 2 , then difference, which is called dqs in 
Eq. IV-6, is just the heat energy- stored in unit time in a slice of the 
plate of thickness dx. 

As t, dt/dx, and qx, likewise dqz can be represented graphically. It 
is only necessary to determine graphically in Fig. IV-36 the slope 

d(dt/dx) dH 


for different values of x and then use these values of tan x as ordinates 
of a cur\’^e d in Fig. IV-3cf. If the plate is considered as cut in slices of 
equal thickness dx, the factor {kA - dr) in Eq. IV-6 is constant. It 
follows that the rate of heat energy stored in the slice dx is found from 
cuiwe d simpb^ by multiphdng each ordinate by the constant factor 
{kA-dx). 

The rate of heat storage dq^ can also be found in a different way. 
Alultipbung the volume (A • dx) by the density p gives the mass. 
Alultipbdng the mass (A • dx • p) by the specific heat Cp gives the heat 
stored if the temperature increases b^’^ one degree; so if it increases by 
dt in the time dr, the heat stored is 

dqz = A • dx • pCp ™ 
dr 


[IV-7] 



« CX.NBUCT,OH O, HEAT m XH. 

Eqmtmg i,„ ^ gi,,„ bj, 


or 


<iQz = A - dx > pcp 


dt 


7 


where 


dt 


k dh 


dH 


f>Cp dx^ ^ dx^ 


k 

PCp 


m 

[m_ 

r^'^P [IV-9flj 

« <»nrf ■■ thermal diHa^^- 
multipljhag tt. orL.™a1w '‘t'‘*“ «' B<l- « » s<« Jl, 

temperature in time dt/dr is given magnitude a the change I 

une r. In the present case dt/dr is n,f •+* distance x and at the 
t^perature all over the croi section tie 

, hich is obvious because it was “creases with time 

le^s the plate. ssumed that more heat enters thaa 

dififusivity a can be derived 

Tt h 


Therefore 


M — [B hr ^ ft~i F~”^] 
Ip] - [Ib^ ft-3] 

= [B p-i] 


w 


J± 

LPCp 


; J = [ft® hr-= 


‘] 


UT^pJ . J 

" “dt nor 

toce uniH buVrexpr2sS\J''%“;^|^ does not include mass or 

tS.:, iirr' “f/' - 

fartmce. a- 1 3?^ “ «■• 1^™? “>” o' 

Me tea, of w.t.ri.^S BSj^'r'S S«t. M ’S'l" 

H-ssssssrsT^rH 

p/s^. This means 
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that using T instead of p requires the use of c-pjg instead of in the 
product pCp. For water the numerical value of Cp/g = 1, and the 


phA’sical dimension of this magnitude becomes 


[B slug--^ 


[ft sec”"^] 

[B lb/“"^ F”^]. It is seen that in the pound force S 3 \stem the latter 
expression is not the unit of the specific heat as often is believed and 
claimed, but the unit of Cpjg. Thus, in this s^^stem Eq. IV-9a becomes 


k 


y(cp/g) 


[IV-95] 


Dealing with the product gcp only, and not with its single factors, 
the whole difficult" can be avoided by using a special s^mibol Cp = pCp = 
yicpfg) with the dimension [B ft”^ F“^], that is a specific heat at 
constant pressure related to unit volume instead of unit mass. Then 
Eqs. IV-9a and h assume the common form 

a = E [IV-9c] 


Example IV-1. The distribution of the temperature t across a large plane 
dr\’ concrete wall 9 in. thick, which is heated from one side, is measured by 
thermocouples inserted in holes in the wall, and it has been found that at a 
certain instant r, the temperature can be represented approximately^ by the 
equation 

i = 90 ~ SOo; + 16x- -f- 32x3 - 25.6x4 [IV~10] 

where lengths are in feet and temperatures in F. 

If the area of the wail is 5 sq ft, calculate (a) the heat entering and leaving 
in unit time, (6) the heat energy stored in the w^all in unit time, and (c) the 
temperature changes per unit of time. 

Solution: The specific weight j of concrete is assumed to be 136 ib/ft®, the 
specific heat Cp = 0.202 B F~^ = 0.202(32.2) B slug” ^ F”^ and the thermal 
conducti\dty k — 0.44 Bhr”4ft-iF”L Then Cp = (136/32.2) (0.202) (32.2) 
= (136) (0.202), and the diffusmty a = k/Cp = 0.016 ft^ hr-L The thick- 
ness of the plate must be expressed in feet, 

k — 1^ ft = 0.75 ft 

By substituting different numerical values for x (from x = 0tox = L = 
0.75) it will be seen that the temperature distribution is that represented in 
Fig. IV-3a. Also Figs. IV-36 to d are drawn to scale for the present example. 

Differentiation of Eq. IV-IO leads to 


— = -SO -i- 32x -F 96x2 - 102.4x3 
ox 


[IV-11] 
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- 32 + 192a; _ 307.2a:2 


to the rules of calculus ^ 'Maximum value Ac r 

5ii4tttrnd v=%tiVfrtf r" iJr tJ"? 

307.2(^312.) . 62.1 »»-* - ^T+ iS®,®- 

(a) According to Eqs. IV_2 and 3 tK , ' 

(S)o = -SOF/ft 

(aj)i ' + 24 + 54 - 43.2 = -4.5.2 P/ft 

Gx)o C0.44)S(-S0) = 176 B/2ir 
Ga:}i ~ (0-44)5(46.2) = 99.44 

Bjt Rf,OT*cir1 -Jr, 


and 


Q>) The heat stored is 

93 = ffo — 5 i = 176 — QQ . , 

It can also ^ lound from Eqs. IV-S J^Z T 
03 = r‘ 7,.. _ r-^an ’^^integration: 


, r-" 1 -tegration: 

'^x^Q dx^ ~~ kA I ^32 _|^ 3; _ 0^7 o 2\ j 

= 1-A(32 E + 96 A'' - 102 4 ^3, ,, r=° + 192 a; - 307.2 .==) di 

= ( 0 - 44 ) 5(24 + 64 - 43 . 2 ) 


A'J.(32 L a- 96 L- — 102.4 L^) 

~ /d.oS B/iir 

(c) Prom Eqs. IT-g and 12 the foil,, - • 

df is obtained - 

^ = a;(,32 + 192a; -307.2a;*) = ooifimo 
■his means that the ordinates of ~ 

y « = 0.016 in order to get d^di'^Xs'^ ™ be multiplied 

37 = n f no. ^ 


X ^ 0 

^ == 0.312 
^ = 0.75 


S-t/dx^ = 32 F/ft2 

= 62.1 F/ft3 

= 3.2 r/ft2 


3f/dr = 0.51 P/hr 
0.99 P/hr 
0.05 p/hr 


' — X} /It“ - - / J-IX 

le temperature of the wall does not ^ 

Sh“f iwli'n* 
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!V-1, 

Example Answer the same questions as in Ex. IV-~1 for a temper- 

ature distribution, given by the equation 

^ = 90 — 8.^ — SOa;- P^V-13] 

Solution: 

= _S - 160a: [IV-13a] 

OX 


— = -160 


[IV-13&1 


(a) According to Eqs. I V-2 and 3 : 


qo = = -(0.44)5(-S) = 17.6 B/hr 

kA (j^^= -(0.44)o(-12S) = 281.6 B/hr 


qn ^ qo — qL 


-264 B/hr 


The negative sign shows that no heat is stored, but more heat energy is given 
up at X = L than received at x = 0. 

This can also be found from Eqs. IV-S and 136. 


= f dqs = -0.44(5)160 
Jx=0 


dx = -0.44(5)160(0.75) 


= -264 B/hr 


(c) From Eqs. IT-9 and 135 the foliot^ing is obtained: 


= 0.016(-160) = -2.56 F/hr 


Here the temperature of each part of the wall decreases equally. 

As in Figs. IT-Sa, 6, and d, the distribution of dt/dx, and dH/dx^ is rep- 
resented in Figs. IT-4a and 6. 

It is easily understood that the difference in these examples is due to 
differences in the curvature of cuive a in Figs. IV-3a and 4a. In the 
former the cui*ve is concave, seen from above, and in the latter it is 
convex. Therefore, the temperature gradient at the left is greater than 
at the right in the first, and smaller in the second case. This indicates 
that in Ex. IV-1 more heat is supplied than given up, in Ex. IV--2 the 
opposite is true, and by this df/dr is positive in the former, negative in 
the latter. That the cuive d simplifies to a horizontal line in Ex. IV-2 
comes from the simple form of Eq. IV-13. 

Finally it must be kept in mind that dt/dr as found in Ex. IV-1 holds 
only for the instant r. At a later instant the temperature distribution 
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unsteady STATP 

across the plate will be changed a 

rs“'v °T * >• «* 

V- t; 7 - o possible to find a “terval, for instance n 

Fig iy-3a for a later instant. iiJter 1 hr t “urve ai 

t have nrcreased by 0.5F at a. i ’ iTaf”® * o*“® 

“C'Kf rf - 

for any later instant may be found. ' ^^^Perature disti 


Fig. IV-^a. Temperature 
bution (Ex. IV~2). 
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Fig. I\^5. Temperature gr“ 
and Its slope (Ex. IV-2) 
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derivation leads to the more general equation : 

m __ ^ dH \ 

dr \dx^ dy^ dz^) 

IV-2 Steady State as a Special Case of the General Equation 

Since Eq. IV-9 is entirely general for conductive heat flow in one 
direction if the thermal diflusi\’ity a. is invariable, the equation must 
hold also for steady state conditions. 

In this case the temperature at any point is constant with respect to 
time, i.e., dt/dr — 0. Therefore, total differentials can be used again 
and Eq. IV-9 becomes 

= 0 [IV-15] 

Integrating once gives 

dt 


being the constant of integi-ation. A second integration gives 

t = C'x H- C" [IV-16] 

being a second constant of integration. 

The boundar 3 " conditions are as follow's (see Fig. III-l): When 
X — xi^t — ti, and wEen x — x^.t — t 2 . 

Substituting the boundary values in Eq. IV-16 gives 

= &xi + C" 

^2 ~ O^X'2 Hh 

Solving the two equations for C' and C" 

C' _ 

__ X2 


Substituting these relations in Eq. IV-16 gives the foliowring relation 
for determining the temperature at any position x within the wall, which 
is called the temperature field equation; 


- x{h ” fe) 

{^2 - 


[IV-17] 


The solution of Eq. IV-9 is, in general, not so easy as in the very 
simple case of steady flow conditions Just considered. The integration is 
beyond the level of this text on the elements of heat transfer. There- 
fore, in the following, only a few of the solutions wdll be given, but no 
derivations. 
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® wir °‘ Temp<«At„„ »f . Thfcksj, 

i = t,+ (t, - 

the surface a.ci / ^ \ change, 


5 s erpj; 



in 


■ jf Xy T, and a are 
^ m hr, and a: in ft Vhr. 

pie rate of heat flow through an area 
surface into the infinitelj- thick wall at a 
may be found from the equation 


is a 0x- 

for instance x in ft. 
<iirection 

X and at the time r 


Values of 


are plotted in Fig. 


[IV-19J 
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TABLE IV-1 

Values of Gauss’s Error Integral 



1 \ 


A/' Mi 

X 

J ^ \ 

2\'ar 

\2^W 

2V^ 

i ; 


\ 2 VXr) 

0.00 

; 0.0000 

; 0.4 

1 0.4284 

1.3 

0.9340 

0.01 

i 0.0113 

■ 0. .5 

! 0.5205 

1.4 

0.9523 

0.02 

0.0226 

0.6 

1 0.6039 

1 .5 

0.9661 

0.04 

[ 0.0451 

■ 0.7 

0.677S 

1.6 

0.9763 

0.06 

0.0676 ! 

1 o.s 

0.7421 

1.8 

0.9891 

O.OS 

j 0.0901 ! 

0.9 j 

0.7969 1 

2.0 

0.9953 

0.10 

1 0.1125 

1.0 

0.8427 

2.2 

0.9981 

0.20 

* 0.2227 

1-1 i 

0.SS02 1 

2.5 

0.9996 

0.30 

; 0.32S6 

1.2 i 

0.9103 1 

s 

3.0 

1 . 0000 


Taking x = 0 in Eq. IV-19 one finds the heat flow into the surface 
of the wall at the time instant r: 



j i j \ L_1 [ ! ! ! 1 

0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 


4a r 

Fig. IV--6. The e-function in Eq. IV-19. 

The heat energj^ which has entered the wall through the surface in 
the whole time r, beginning with the instant of sudden change of the 
surface temperature will be 
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By substituting q from Eq. IV'“20 and by taking all constant facti 
out of the integral, one obtains 






1 

x/; 


dr 


and by integrating 


Example IV~3. Calculate the temperature in a plane 7 in. fromtlies: 
face of a very thick wall, and also the heat flowing into 10 sq ft of this pk 
10 hr after the surface temperature of the wall changes suddenly from i[i; 
to 1500 F and remains constant thereafter and also find the total heat eneir 
taken up by the wall in 10 hr. Assume that the average thermal conducts; 
and difiusivity values of the wall material are 0.5 B hr”^ ft"”^ and 01 
ft^ hr“"^ respectively. 

Solution: 


X 


7/12 

aVo-oscio) 


0.532 


With this value for 




and according to Fig. IV-5 the value of the func- 


tion f ^ - ^-:r :J is equal to 0.55, Substituting in Eq. IV— 18 gives 
i = 1500 4- (70 — 1500)0.55 = 1500 — 786 = 714 F 


at the required position and time. In order to determine the heat flow, com* 
putexV4 OLT = 0;284andherewith,by referring to Fig. IV-6, find = 0.75. 

Substituting the various known values in Eq. IV-19 gives 

g = —(0.5)10(70 — 1500) — , = 5520 B/hr 
V7r0.03(10) 


The total heat energy taken up by the waU is equal to that which has 
entered the surface. For r = 10 hr, Eq. IV-21 leads to 


q ^ -(0.5)10 (70 - 1500) 2. 



ir0.03 


* 147,600 B- 


If the considered wall is of finite thickness L and - ^ > 0.6, the 


2\/aT 


same equations as those for the infinitely thick wall may be used. 
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IV'-4 Sudden Change of the Siirf ace Temperature of a Sphere or Cylinder 

For a sphere or a C34inder of diameter D, originali 3 ^ at temperature ti, 
throiighout, and sudden change of the surface temperature to a perma- 



4 or T 

~W 


Fig. IV--7. Function F of Eq. rT-22. 

nent value 4, Williamson and Adams (Hef. IV-1) presented the follow- 
ing equation: 

tc = k + (ti - ts) F( ^ 


[IV-22] 
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In this equation U is the temperature in the center of the sphere, or 
the center line of the cylinder, r hours after the sudden change oft 

( 4ar\ 

j may be (v, 

tained frona. Fig. I V-7 as ordinate at the abscissa 4 ar/D^. In this figs 
curves are given for spheres and cylinders of length L = D and L ^ i 
For a cylinder of finite length U > Z>, an interpolation will give approt 
mate values. 

Example IV-4. Calculate the temperature at the center of a steel spfe 
16 in, in diameter 20 minutes after the surface temperature changes frc: 
80 F to 1200 F. An average value a — 0.31 for steel may be assumed. 
Solution: 

4ar ^ 4(0,31) (20/60) ^ 

(16/12)2 

From Fig. IV--7 


Substituting in Eq. IV-22, the final temperature at the center is found to h 
tc - 1200 -f (80 - 1200) 0.20 - 976 F 
IV-6 Periodical Change of Surface Temperature 

A thick plane wall where the surface temperature changes according 
to the sin-function, as shown in Fig. IV-8, will now be considered. 

1 Owing to the resistance of the wall material to the flow of heat, a definite 
period of time will be required before the surface temperature change 
aSects the temperature distribution within the body. The time lag or 
the tune required for the temperature at a given point within the body 
to be influenced by a surface temperature change may be found from 
the following relation: 


(xm 

In this relation x represents the distance from the surface, ti the number 
of complete changes per unit of time, and a the thermal dififusivity of 
the mateiial. In Fig. lY-S abscissas are values of time r, and ordinates 
are temperatures. A surface-temperature curve is drawn in full lines, 
and the temperature at a distance x from the surface is shown by the 
dotted cun^e. The time lag At is represented as the distance between 
two corresponding positions on both curves. From Eq. IV-23 it is 
seen that At becomes larger the deeper the heat wave enters into tbe 
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p.'ail. and that it decreases with increasing frequency n and thermal 

di&'iismty a. 

The maximum deviation Aix,m of the temperature from its average 
at the position x within the body, may be found b^^ use of the following 

relation : 

= Ato,,n * [IV-24] 

where A^o.m represents the suif ace-temperature amplitude. From 
Eq. IY-24 and Fig. IY-8 it is seen that the temperature oscillates be- 
tween ia + Atx,m and G — A^x.m where ia is its average value. The 



Time r 

Fig. tvs . Temp^erature variation inside a wail for sin-variation of surface 

temperature. 


amplitude of oscillation Atx,m decreases with increasing distance x from 
the surface. The greater the thermal diffusivity a of the material and 
the smaller the frequencj"^ n, the higher will be the value of 

The temperature at any point x within the body after r hours may 
be calculated from 


AU 



[IV-25] 


This actually is a combination of Eqs. IY-23 and 24. 

Surface temperature variations which approximate this condition are 
found in the field of heating, ventilating, and air conditioning. Because 
this particular type of temperature variation is important, several 
examples will be presented. 
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Example IV~5. A very thick brick wall is heated and cooled periodir 
every twenty-four hours according to a sin- variation of the temperature, 
the surface temperature range is from 80 F to 150 F, calculate the time’ 
of the temperature wave at a point 8 in. from the surface. Assume!^ 
k 0.6B hr-^ ft”'* r”\ C;, = 0.25 B Ib^”^ F”S and y = 1101b/ fn 


Solution: 


Substituting x — 8/12 ft, a == 


0.6 

(110) (0.25) 


ftVhr and u 


1/24 in Eq. IV-23 give 


Example IV~6. If the range in temperature during twenty-four hoir 
at the earth^s surface in a locality is — 15 F to 25 F, calculate the range: 
temperature at depths (a) of 2 ft and (6) of 6 ft and the lag of the temperate 
wave at these depths if a sin-curve variation in surface temperature exists, 
Assume that ^ — 1,3 B hr“^ ft~^ F”\ Cp = 0.4 B Ib^”^ F”\ and 7 s 
126.1 lb/ ft”2 

OCv ( 1 h 

Solution: ~ 20 F; n = 1/24; a = — = 


^ 0.0258 ftVhr; 4a - 5 F; 

(126.1) (0.4) ^ ’ 


(ct) 

\ 0.0258 24 

0.22 F 

(6) 


0.00 F 


Thus, at a depth of 2 ft the temperature range is from 4.78 F to 5.22 F anc 
at 6 ft the temperature is constant and equal to 5.0 F. 

^ 2 r 24 

At = / = 17.2 hr 

2\0.0258t- 

^ 6 / 24 ^ , 

2 \ 0.02587r 

Example IY--7. The twenty-four-hour range in temperature at the eartFs 
surface in a given locality is from — 10 F to 10 F. Determine (a) the ampi 
tude of temperature oscillation at a depth of 1 ft, (6) the time lag of the tem- 
perature wave at a depth of 1 ft, and (c) the temperature at a depth of 1 ft 
five hours after the surface temperature reaches the minimum temperature. 
Assume lb - 0.3 B hr"i ft”! F”% Cp - 0.47 B Ib^-^ F~i and y == 100 lb/ ft^- 



PROBLEMS 


"O 

Solution: 


ta 


10 -h 10 


2 


OF 




10 - (- 10 ) 
2 


10 F 


n 


24 


(a) 

(b) 


0.3 


100(0.47) 


= 0.00638 ftVlir 






1 

V 0.0063S 

24 

24 

1 


= 10 


OOSSStt 


0.11 F 


(c) By substituting a; == 0 in Eq. IV-25 one obtains the temperature devia- 
tion from the average A^o = A^o.m sin 2wnr, and from this Ato = 0 for r = 0 
in conformance with Fig. IV-S. After that, the minimum temperature on 
the surface occurs when A^o = — Afo.m and this occurs the first time when 
3 3 (24) 

27niTm = Itt or at Tm — — = — ^ — = 18 hr. Five hours later r = 18 -f- 5 
4n 4 

— 23. At this time and at a; = 1 ft according to Eq. IV-25 

Af.^ = 10 sin - 4.53^ = 10(0.011) sin 1.49 

= 0.11 sin S5°6' = 0.11(0.996) = 0.11 F 
The temperature ts = ta -h A^^, = 0-|-0.11 = O.llF 


PROBLEMS 

IY-1. A reinforced concrete foundation slab 28 in. thick is to be poured into a 
foundation form, the bottom of which is earth at a temperature of 10 F. If the 
concrete is originally at a temperatxire of 65 F, calculate approximately the distance 
the freezing temperature will advance before the slab sets. Assume that the initial 
set takes place in sixty minutes, the final set in ten hours, and the heat generated in 
the concrete during setting is neglected. Assume that k = 0.74 B hr~^ ft~^ F”^ 
Cp = 0.211 B lbm“^ and t = 141.7 lb/ ff-^ 

IV-2. Calculate the temperature which the center of a steel sphere 0.6 ft in 
diameter will have attained at a time five minutes after the sphere has been plunged 
into a heat-treating bath at 100 F. Assume that the surface of the sphere immedi- 
ately reaches the temperature of the bath. Assume the initial temperature of the 
sphere to be 1100 F. Assume that k - 21.5 B hr""^ ft”^ Cp — 0.132 B lb, 7 i.“^ F"”^ 
and -/ = 490 lb/ ft~®. ^ 
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CHAPTER V 


STEADY STATE HEAT CONDUCTION IN BODIES 
WITH HEAT SOURCES 

V-1 Temperature Distribution in a Plane Plate in WTiich Heat is 
Produced Homogeneously 

The transient storage of heat energy has been considered in Chapter 
IV. The subject of heat sources within a heat-conducting body will 
now be discussed* Cases of this t;>TDe occur in exothermic chemical 
reactions such as the combustion of fuel in the fuel bed of a boiler 
furnace. Another example is an electrical coil wherein heat is produced 
and is dissipated by thermal conduction. 

Only the simplest type of this process will be dealt \^nth in this text. 
Figure V-1 shows a perspective sketch of a vertical section taken 
through a c^dindrical coil. The rate of heat produced homogeneously 
in the electric wires per unit volume of the coil may be calculated from 
Ohm’s law. This unit volume includes the volume occupied by the 
insulation and the vires. For purposes of simplification the height of 
the coil will be assumed to be such that only heat conducted in radial 
direction must be considered. If the influence of the curvature of the 
coil is negligible, then the coil shown in Fig. V-1 may be replaced by a 
plane plate vith heat sources uniformly distributed inside the plate 
(Fig. V-2). Here heat vill be conducted only in the directions +x and 
^x. The two surfaces will be assumed at a constant temperature 
and are represented by a; ~ L and x — —L. 

WTien no heat sources existed, the heat energy stored in unit time in a 

slice of the plate of thickness dx was found to be hA ^ dx according to 

Eq. IV-6. If the rate of heat g'" per unit volume* is produced in the 
coil an amount • dx) vill likewise be stored. However, according 

to Eq. IV-15 the total rate of heat storage under steady state conditions 
must be zero. The following equation results. 

kA—.dx+q'"A-dx=^0 

dx^ 



or 



« ™ hob® w™ ^ 

-~“rK“’£.==C“^S 



Fig. V-1. Section 


through a cylindrical 


coil. 



Smee <H is supposed to be 
Eq- V— 2 gives 


, dPe 


constant, d^e/d^^ = 


[V-2J 

integration of 
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Th:' constants of integration M and may be found from two boundary 
nGiiditions. The maximum temperature, dm, iu the coil will occur at the 
mid-plane. So at a: = 0, ^ = dm- Substituting this in Eq. V-3 gives 

iV - dm [V-4] 


y must decrease si^mimetricaliy in the direction of x and —x from the 
maxiniinn value. This condition may only be satisfied if in Eq. V-3, 

M = 0 [V~5] 

Substituting Eqs. V-4 and 5 in Eq. V-3 gives 

/// 


Since t ^ ts or 6 


0 Sit X = L and at a: = 


dm = 






-L 


which when substituted in Eq. V-6 gives 



[V-7] 


This means that a parabolic temperature distribution exists across the 
cross section of the coil vith the apex at the median plane. 


7-2 Maximum Temperature in an Electric Coil 

According to Vidmar (Ref. V— 1) there exists a simple and practical 
relation between the maximum and average temperature of a coil. 

The electrical resistance of copper and other pure metal increases 
linearh’ with the temperature. For the sum of all the lengths of wire 
inside a slice of unit thickness of the plate 

E' = ZJ/(1 +€0) [V-8] 

where 

R' ~ the resistance of the sum of the wire lengths at a temperature t 
R/ = the same at a temperature ts, and 

€ == the temperature coefficient of electric resistance of the metal 

wire, (e = 0.0024 for copper.) 

For a slice of thickness dx, then 


The rate of heat energy- produced in the coil by a current I in the coil 
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according to the laws of Ohm and Joule is 

q"'A • dx = PR'dx = 7X'(1 + t9)dx 
Integrating over the thickness of the coil 

g = q'"A2L = U ^ PR' ■ dx = f + «9)da; [V-91 


In electrical engineering the average temperature da of a coil when a 
current I is flowing is found by measuring its electrical resistance 
and also measuring its resistance Rs at a very small current such that 
the coil does not become heated sensibly above ts. This gives another 
relation for the heat produced electrically in the coil. 

q = I^Ra = PRsil + eda) = PR/2L{1 + eda) [V-IOI 


In this equation Rs = Rs^2L, since Rj was defined 
for the thickness 1, and the coil is 2L thick. 

Equating q from Eqs. V-9 and 10 it follows that 


Sa 



as the resistance 


Substituting d from Eq. V-7 gives 

/ ^2\ 
da 


da djyi ^ ^1 



da ta — ts 2 

dm t<jYi ts 3 

[V-ll] 

tm ~ ts “f" "2 ^s) 



Thus by measuring the surface temperature ts of the coil by means of 
an attached thermocouple and by determining the average temperature 
ta or da — ta — ts from the increase of electrical resistance when a current 
is passing through the coil, the maximum temperature tm inside the coil 
at that current may easily be found. This temperature by which the 
durability of a coil is limited can scarcely be measured by any other way 
in practice. Placing thermocouples inside the coil is rarely possible 
owing to the difficulty of electric insulation of the thermocouples against 
the main current. 


Example V~1. A vertical cylindrical electric coil 1% in. thick having 
an inside diameter of 10 in. is heat insulated on the bottom and top so that 
no appreciable amount of heat will flow in a vertical direction. 
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v-2; 


When located in an oil bath the surface temperature of the coil was found 
to be 70.5 F at a current and voltage of 0.009 amp and 0.1 volt respectively. 
At 2.5 amp the resistance of the coil was 12.1 ohms. However, the surface 
temperature remained unchanged. Calculate the maximum temperature 
inside the coil when the current tvas 2.5 amp. Assume that the wires were 
made of copper. 

Solution: The ratio of the radii 10/13.5 of the coil is so-greaf that the cur- 
vature may be neglected, A current of 0.009 amp is negligible as compared 


with 2.5 amp because by the latter according to Ohm’s law 


2.5 Y ^ 
0.009/ 


77,000 


times as much heat is produced than by the former one. Thus the starting 
temperature of the entire coil was ts = 70.5 F. According to Eq. V-10 

Ra = Rs(l + eSa) 


Ihs = 


■ = ii.i uxim 


Thus 

and 


0.1 volt 
0.009 amp 

€ = 0.0024 

Ra = 12.1 ohm 


12.1 = 11.1(1 -f- 0.00240a) 
0.09 


0,0024 


= 37.4 F 


According to Eq. Y-11 

0m = 1.50a = 56.1 F 

Therefore, the maximum temperature of the coil was 

+ 0m = 70.5 + 56.1 = 126.6 F 

REFERENCE 

Y-l. M. ViDMAR, “ Suggestion of an Addition to the Test Codes on Temperature 
Rise/’* Elektrotechn. u. Maschmenbau, 26 , 49, 65 (1918). 

* Title translated by the authors. 
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pr.ncipie of similarity to heat transfer problems began to change the 
situation entirehu 

Before explaining this principle and showing how it is used in problems 
of heat transfer, a few remarks and definitions about the flow of fluids 
will be presented. 

VI-2 Reynolds’ Concept of Similarity of the Flow of Fluids and the 
Viscosity 

It has been known for a long time that two general types of motion 
may take place in the flow of a fluid through a pipe, each following a 
different law. Whenever the fluid particles flow in paths that are paral- 
lel to the axis of the pipe without radial components, the flow is called 
viscous, laminar, or streamlined. The condition where radial com- 
ponents or eddies exist together with the fluid motion parallel to the pipe 
a.xis is known as turbulent flow. Osborne Reynolds investigated the 
problem of the “ similar ” flow of fluids. In this study he considered the 
circumstances which would make the flow of different fluids through 
circular tubes of different diameters trith different velocities “ similar.” 
In a famous paper published in 1883 (Ref. VI-l) he showed that the 
flow of fluids is similar tvhen a certain “ dimensionless ” group of vari- 
ables is the same. This group, which in his honor now" is called Reynolds 
number,* is 


{Re) = 


y-g 


m-l] 


In these ratios D represents the diameter, the average fluid velocity, 
and p, y, and p the demsity, specific weight, and dymamie viscosity of the 
fluid respectively. 

The dynamic viscosity p is defined by Newton’s equation 


where F, is the shearing force or fluid friction between two parallel layers 
of a fluid, which have equal areas A, are separated by the distance 
dy, and are mo\-ing, one paraUel to the other, with the velocities of v 
and v + dv respectively. According to this definition dv/dy is the veloc- 
ity slope or gradient perpendicular to the direction of the flow of the two 
fluid lay^ers. If A = 1 and dv/dy = I, F, = p. 

‘The two first letters of Reynolds’ name are in general used as a symbol for 
Reynolds number. It is recommended to use this symbol with parentheses. 
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r. , ^ “‘“MSIONAL ANAWas 

-I lie physical dimensions of // ^ u -r. 

as were those for ^ by Eqs. II-2 anS "" Jn. the sa«e 


or 


iPb] = l[u] l[ft^] Ifttsec 
lift] 

M = [lb ft-2 gggj 


[ViH 


In referring to Sect. 1-3 it must i- + • ^ ‘ 

system of units is a force. Instead oUlh/' “ theB*; 

unit [slug] using the equation of definition substitute the®. 

and one obtains = tfslug] l[ft sec-^J 

[m] = [slug ft-i sec~i] 

e unit [sec] can be replaced by [hr/36001 in th 
The equation analogous to Eq VI^ ' tJ, ^^^^^.^‘iuations. 

4- 1 4 in the physical system of unitsi, 

M = [gram cm"^ sec~^] 

who'rs'one of the ferto ItaSX Sw^of 

flow in a tube. The unit poisels o/JnT P.™^^drop in strea* 
undredth part which is called a centinoisr la Pflysies, particularly if 
cosity value of exactly 1 centipoise Vain!; f ^ 

Se";r’ v/rr/r^iS”, 

TABLE VI-l 

Dynamic Viscosity of Water fob Vaeiocs Tf 


40 

SO 

60 

70 

SO 

90 

100 

110 

120 

130 

140 

150 




IO-9lbft'2 2,j. 


8.99 

7.59 

6.49 

5.66 

5.00 

4.43 

3.96 
3.58 
3.25 

2.97 
2.73 
2.51 


* Data taken from •• International Critical Tabl«,” Vol. 5 . 1929 
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TABLE VI-2 


Dynamic Viscosity of Air for Various 
Temperatures at Atmospheric Pressure* 


Temperature 

D 3 ’'namic Viscosity 

F 

10-9 lb ft"" hr 

40 

0.101 

50 

0. 102 

60 

0. 104 

70 

0.105 

SO 

0. 106. 

90 

O.IOS 

100 

0.109 

no 

0.110 

120 

0.112 

130 

0.113 

140 

0.114 

150 

0.115 

160 

0.117 

170 

O.llS 

ISO 

0.119 

190 

0.121 

200 

0.122 


* Data taken from A. Eucken and M. Jakob, Der Chentie-lngenieur, Vol. I, Part 1, Chapt. 11. 
Akademische \'erlagsgesellschaft, Leipzig, 1933. 


The ratio /x/p which occurs in Eq. VI— 1 is called kinematic viscosity 
and is denoted by v. Because the unit of the density p is [slug ft^^] = 
[lb ft“^ sec^ ff~2] = [lb ft"^ sec^], one obtains from Eq. VI-3, as well as 
-from Eq. VI-4, 

[v] = [^1 = [ftVsee] [VI-6] 


Since in this equation only kinematic magnitudes (length and time), 
but no djTiamic magnitudes (force or mass) occur, the kinematic 
ttseosity is a verj' convenient name for v. In contrast to this, fj. is called 
“ dj-namie viscosity ” in this text (Ref. VI-2) instead of the 
“ absolute ’idscosity ” which seems to be less specific and rather in con- 
trast to “ relative viscosity ” than to “ kinematic %dscosity.” 

Substituting v from Eq. \T[-6 in Eq. VI-1, the latter simplifies to 


{Re) 



[VI-7] 


and it is easily shown that the Rejmolds number {Re) is really a dimen- 

sionless magnitude. 

The advantage of using Eq. VI-7 is that neither force nor units 
are involved. IMany authors, howe%-er, express {Re) in terms of the 
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elocty J/ _ which Eq. Vl-1 eonvertsiato 

(Re) = ^ 

^ ' Wi- 

sure *temp,2ta S phtt JrfXSd“‘“s-" “ i”<iep«d„i ol p 

and ^ ®®c 

M — it~^ i^QQ~ij 

The latter unit is only I/322 nf +k 

VI-4 or 3. ^ of the unit according fc 

or ”^in coMtc'lioV^tt^^ the subscript, 

the pound used therein means the mass of 1 no"' s ® 

termXa si^ZTo^lZ' TpZ^I^Z" 

srCs 


M = [lb/ ft-i see 


*— 1 


but rather the unit^of^”" sometimes is believed, 

accost ^ numerical calculation of (.ri ' 

valueofy[lb//cuft]and^[Ib^?t-^l'J-iT{ by the numerical equal 
(fff^) in [lb/ ft-i sec-^J. This proeSduri ^ numerical equal valueof 
^ven m the units used in Eq VI-76 as the calculation if /jis 

tTr “ g^l. the unit [I fl-^rf'^ this book 

will be used, both belonging to the f®^ng H~^ hr'] 

hour mstead of the second as unit of timj.^^ technical system with the 

through a tube^ 2 'in.^^^^^neter ^^ter at SO F flowing 

weight IS 10 ft/sec and 62.4 Ib/ft» respeeXely ^ and specific ; 
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Solution: According to Table VI-1 the value for the viscosity is 5.00 
0“^,? ib ft~“ hr. converting to mass units 

fjL = 5.00(10-3)36002 = 0.0648 slug hr-i 

62 4 

P = = 1.94 slug/ft^ (see Sect. 1-3) 


Substituting in Eq. VI-6 gives 

0.0648 

V = 

1.94 

Then from Eq. VI-7 


0.0334 ft2/hr 


It may be noticed that seconds, wherever they occur, are converted into 
hours. 

Exa:mple VI-2. If the mass velocity for a fluid at 80 F flowing through 
a 1-in. diameter tube is 30,000 slug hr“^ ft-^, calculate the Reynolds number. 
Solution: Substituting in Eq. VI-7a gives 


Since the velocity distribution is the same if the Reynolds number is 
^ the same, it is obvious that the latter is decisive for all characteristics 
^ of the flow of a fluid which depend on the velocity distribution, as for fq 
the pressure drop in a tube. 

If, for instance, it is desired to find the pressure drop at twice the Rey- 
nolds number of a specified state, this can be accomplished by doubling 
either the velocity or the pipe diameter. Or if experimental data 
dealing with the pressure drop for a fluid having a kinematic viscosity vi 
flowing through a tube of diameter Z>i and velocity vi are known, then 
it is possible to determine the pressure drop for a fluid having a kinematic 
viscosity P 2 = under the same conditions by conducting experiments 
with the first fluid using a velocity V 2 = vi/2 or using a pipe having a 
diameter D 2 = Di/2 because, according to Eq. VI-1, the result leads to 
the same Reynolds number. 

Because the velocity distribution in the cross section depends on the 
magnitude of (Re), Reynolds further guessed that the transition from 
the laminar type of flow to the entirely different conditions of turbulent 
flow might take place at a definite Re:ymolds number. Indeed his experi- 
ments showed that turbulence starts at Rejmolds numbers of about 2000 
to 2100. These experiments have been repeated frequently; the best 
known led to (Re) ~ 2300. This is called the critical Reynolds number. 
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VI-3 General Basis of Dimensional Analysis 

The usefulness of the Reynolds number for correlating 
results for the flow of fluids through pipes cannot be o ® 

A general method by which groups liki 
attained in different branches of science is 
basic principle upon which this is founded 
that IS dissimilar quantities cannot be added together to fnv ' 
physical relation. Mathematically, this means Sat , A . 

equation both sides of which can be written « . 

algebraic sums of power functions the sum of the factions ora,< 

units must be the same on the’ lef^Z riSr 
accordmg to the laws of freely falling bodies, 


the body has fallen through the distance! 
to gravity. As a numerical example 

^14 ft 

Considering the basic units alone 

[fti sec-i] = [fti/2 sec-i ft^/^j 

Obviously, the above rule for the sum of the exponents yields ' 

1 = 2 + 2 for the exponents of ft 

” ^ ^ ~ 1 loi’ the exponents of sec 

P as on g and Z. The latter fact may be expressed by 

R Jres^nt^nhTMnientar”*! unknown constant. 

• = c(Lr-2)“(i)6 

and the rule of the sums of the exponents yields 

forL 1 = a + b 

for T 


-1 = -2a 



VI-4 DLMEXSIONAL ANALYSIS OF FREE CONVECTION 67 

Solving these two equations for a and h 


and bj' substitution in Eq. V-9 

V = 

Therefore, the law, given by Eq. VT-8, has been found by the method of 
dimensional analysis and only the constant C remains unknown and 
must be determined by experiments. According to Eq. VI-8, C = \^2. 

VI-4 Application of Dimensional Analysis to Free Convection 
Exactly the same method can be applied for the much more compli- 
cated cases of heat convection. This was done first by W. Nusselt who 
in 1909 developed basic equations for fojrc^d convection, and in 1 915 
equations for free convection. The method will be showm by the appli- 
cation of the principle to the example of free convection of a fluid in 
contact with a warm ’V'ertical wall. Before any valid relations may be 
established, it is essential to know what variables are involved. 

Correct selection of the variables comes about through experience. 
For this particular case, the variables involved are listed together with 
the dimensions in Table VI -3. 

The dimensions of the heat transfer coefficient h can be determined 
from Eq. 1-3 exactly in the same way as those of the heat conductivity k 

TABLE VI-3 


List op Vaeiables and Their Dimensions for Natural Convection 





Exponents of units of 


Variable 

Symbol 

Heat 

Time 

Length 

Mass. 

Temp. 



H 

rp 

L 

M 

. e 

Heat transfer coeflScient 

h 

1 

-1 

-2 

0 

~i 

Height of vertical wall 

Temperature difference between the 

1 

0 

0 

1 

0 

0 

surface and the fluid 

At 

0 

0 

0 

0 

1 

Density of the fluid 

P 

0 

0 

-3 

1 . 

0 

Dynamic viscosity of the fluid 
Coefficient of thermal expansion of 

P 

0 

-1 

-1 

1 

1 0 

the fluid 


0 

0 

0 

0 

— 1 

Acceleration due to gravity 

g 

0 

_2 

1 

0 

0 

Specific heat of the fluid 

Cp 

1 

0 

0 


— 1 

Thermal conductivity of the fluid 

h 

1 

-1 


0 

-1 



"« introduction to Tfii;' t.,» 

, , CJMKNsional analy® 

have been derived from Ea IT 1 ' ir 

technical units n-2 and 3 . Thus in Brir 


W — [B hr~^ ff-s p— ij 

wen VI-3 have been derived before^ 

The corresponding equation of dimensions is" 

HT-^L~^Q-^ = ■ ‘ 

CL-eHML-^)f^MT-^L~^ )^e-/(yT-2r , 

rp. T) {HM ^&~^)”-(HT~^T-^a~ii 

The equations for the sums of f-h„ ^ L Q f 

tile exponents become 

-*■ ^ — |— ^ 

T >->T _ . 

—^ — 2m — ^ 

= a - 3/ - f + ^ _ 

^ 0 =/+,_, 

;n 2 ™T 7 .£l'~“- r X*"- «Pon«. ^ 

followmg IS obtained; ' ®‘“Pl® algebraic operations the 

a = — 2 + 3^^ 

/ = 2?n 

■z^’ = ~- 2 m + 71 ^ 

P = I ~n ^ 


By substitutinff these 

collecting the terms e + • ^ ®*Poiients in Eq Vl-n 

g me terms contammg like exponents ^®^"anging 


and 


rp,. ' ^ / \ k / [VI-121 

This equation can be fi2rf}i«>. * i- ^ 

considered Free convection Set '1th ^ ^ fe 

tcirii l®^P®rature <, and de„=,ft- *l^®™ial buoyancy effect. If 

uensity p^, then according | 
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to Archimedes' law, the buoyanc^^ B = pig — p 2 g acts upon the men- 
tioned unit of volume. However, with respect to the definition* of the 
coefficient of thermal expansion pi = p 2 [l 4- - h)] and by substi- 

tution B = P 2 ^g(t 2 — h)> From this, since ^ and g enter the equations 
oving only to the buoyancy, they will always appear in the form of a 
product (Mg)- According to Eq. AH— 12 this is possible only if j 
Therefore, it simplifies 

For ideal gases it can be proved exactlj^ thaf p = l/'l 
the absolute temperature of the main bulk of the gas.f 

It may be mentioned that as early as 1881, L. Lorenz by integration 
of the differential equations of fluid flow" and heat convection came to an 
equation for free convection of gases on a vertical wall which is a special 
case of Eq. VI-13 with m = = K. The constant C was determined 

by Lorenz for different gases; it was found to be an individual constant 
for each of them. 

It may further be mentioned that Eq. VI-13 holds also for cylinders 
i wires or tubes) located horizontally in a fluid at rest. For these I is 
the diameter of the c^dinder. 



1 , where Ti 


VI-5 Main Advantage of Dimensional Analysis 
Examination shows that each of the three groups of magnitudes in 
this equation is dimensionless, like Reynolds number, which as explained, 
has the advantage that one can change any involved magnitudes 
together with the other magnitudes in such a way that the numerical 
value of the dimensionless group remams the same. By this the result 
of an 3 " variation of each of these magnitudes can he obtained by simple 
calculations if the influence of the change of only one magnitude in a 
group is found from experimental investigation. The three constants 
C, m, and ;i must be determined by experiments. 

Vliat w’ork and time may be spared by setting up an equation of 
dimensionless groups like Eq. VI-13 can be seen by the following esti- 
mation: Assume that in order to find h for all thinkable variations, one 
wnuld proceed by changing fimt Z, taking, for instance, five different 
cylinder diameters, then conducting experiments with each of these and 
with fluids of five different thermal conductivities k, further varying p 
five times, and so on each of the seven independent variables Z, k, p, 13 
At, p, Cp. This would mean 5^ = 78,125 tests. According to Eq. VI-13 

* This definition is slightly different from Nusselt^s original definition. 

t This does not hold for NusselFs original definition of p. 



ntroduction to the dimensional an^ 

on the other hand it would be , 

cMerent values of the first group Sf experiments with f 
second group, that is 52 f each with five v^, V’ 

same result as with rJ ^^Penments, in order f 

Aetully 0 “ 78,000 t„t. ?£ fej”* S”‘» 

seven independent vaT-iaKi ^ variations of fh^ 

otk»5Zfrr„“f^ h“ “■' 

Similar dimensionless ratio eon^H^ ®^ent with experience. 

"DLe^onX»»n‘c"* 0„„p. 

mthefolloTOg:. “i8 over again. The moM impott, 

Reynolds number (Re') = 

\ J Qp 

At 


Orashof number 
Prandtl number 
Nusselt number 


(Gt) = 


vDy 

Mg 


or 


vD 


or 


MD 


M 


(Pr) 

(Nu) i 


/iCp 

' IT 
m 

k 


or 


a 


K 

Here a diameter Z» is used c. c i. 

vertieal wall, for instance fh^^^^*®ristie length Tr, +», 

Grashof nnrv^K the height must Le + i In the case of a 

R mav r “Stead of this in the 

physical properties of the fluid, tnd Sf 

lettei. ct the name oI an - ^oted hy the t™ 

-• ■ .•■ - . by the denotation, f 
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n-6: 

of the Soiling substance, whereas the other groups depend also on the 
geometricai arrangement, the flow, the temperature difference, etc. 
With the simbols, given above, Eq. VI~13 may be written in the 

abbreviated form 

(Nil) = C(Gr)^(Pr)^ [VI~14] 

The use of dimensional analysis for forced convection will be dealt 
with in Chapter VIII. 


PROBLEMS 

VI-1. Verify the folloiilng statement: Divide the surface film coefficient in 
B hr 4t “ F ^ units by 0.2048 to convert it to kcal hr~^ 

VI-2. \ erify by dimensional analysis the equation given below for the heat 
traii&feried from a rigid body submerged in a flowing fluid. It is to be assumed that 
the body is maintained at a definite temperature which is higher than the fluid 
temperature. The variables other than the rate of heat transfer (q) are a linear 
dimension of the body (1), the velocity of the fluid, (v), the temperature difference 
between the body and the fluid Qf), the specific heat of the fluid based on a unit 
volume (Cp), and the thermal conductivity of the fluid (k). 

■ 

VI-3. Verify the equations given below which have been used for correlating 
the data for heat transfer for fluids flowing in turbulent motion through the inside of 
pipes. 

= C(Ref(Prf 

VI-4. ■RTiat is the significance of <? in the following equation of definition of the 
Reynolds number: 
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waUs, windows, etc. oftf ^i^rongh the registera is 7 ”® 
ducts to the furnace. AnotheT’ 7^^ returns through the 

solutiow^^ complicated because of the 7a convection heat tram. 

, ^ P^i*ticular problem n h ^^^lables involved in the 

alpSSSi?=v-ts: 

‘®SSSS:r“; "■'’ »f SSt °' t 

then if the « Places where the fluid is in / *“^806 

aen, n the .surface is warmer than “ contact with the surface- 

“ “““SdlSrtZSr™- ' 

becomes atoort conetat « some d£„ “^fee and Jnall, h 
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is cooler than the emaronment, the behavior is similar, with a sharp 
.rm, increase of the fluid beginning at the surface. In natural 

convection, At generally is defined as the difference between the temper- 
ature of the surface and that of the fluid at some distance, say several 
feet, from the surface. 


Vn-2 Empirical Equations for Heat Transfer on Horizontal and Ver- 

tical Surfaces 

The following empirical equations (Ref. VII-1) can be used in the 
approximate solution of problems of heat transfer between horizontal 
plates and still air under free convection conditions. 


k = 0.38(Af)®-2« 
for plates facing upward and 


[VII-1] 


h = 0.2 (At) 


, 0.25 


[VII-2] 

for plates facing doviTiward. 

It may be mentioned that At here stands for At degree Fahrenheit/ 
1 degree Fahrenheit, that is, a dimensionless number which in the met- 
ric system would be the same, namely At/ (5/9) where At is in degrees 
centigrade. The constants 0.38 and 0.2, however, are not dimension- 
less. The corresponding constants for the metric system would be 
4.88 (0.38) and 4.88 (0.2), respectively. 

Example VII-1. Calculate the heat loss by natural convection from a 
honzontal heated plate at 300 F facing upward to the still air of a room at 
bO F. The plate is 7 in. by 9 in. 

Solution: 


h = 0.38(300 — 80)0-25 ^ i jg jp-l 


Tile total loss is 


l-'i" (300 - SO) = 142 B/hr 


approximately the heat transfer by free convection 
plates and still air the following formulas may be 


for plates of height L > 1 ft, and 

/aAO.25 

A =0.28(1) 


for plates of height L < 1 ft. 



■’i heat transfer by frrb convection 

* :S£“““ sTsliz, 

h - 0.3(200 — 60)0*26 = 1 R u -T ^ « 

^ 1.03 B hr-1 ft-2 p-i 

approximate formula is rZommZded%S!^vU-fy^^^^ 
where Z> is the external diameter of th^pipe in feet units. 

"S' ‘riUT.v.-rii— i; 

= 0.22 I 

4.5/12 , ft- 

The heat loss per square foot of surface is 

Vn-3 TT = 123.5 Bhr-ift-= 

Use of a Dimensionless Correlation 

correlated by dimensional analysis 

aiysis. This has shown that for gases oi 
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USE OF A dimensionless CORRELATION 

equal nmiibers of atoms one can assume m == n in Eqs. VI—1 
TLiis tJie latter simplifies to 


(Nu) = Cl(Gr)(PT)r 


[VII-6] 


Tne data for diatomic gases are represented by the line drawn in Fia: 
MI 1 where both coordmates are dimensionless. This chart is very 
significant m that it represents the correlation of test data for fine 
norizontal wires m gases as well as for large pipes up to 10 in. in diam- 
eter and toaperature differences from cylindrical surfaces to the gas up 
o about ^0 F for and 700 P for the large pipes. For this par- 
ticular plot, all the fluid properties occurring in Eq. VI-13 are taken at 
an average temperature between the fluid and the surface and the value 
o e coefficient of cubical expansion d is assumed to be equal to the 
reciprocal of the average absolute temperature of the gas, as is true for 
ideal gases (see Ex. ^ II-4, footnote) 

to increases from 10"^ 

that k ibcut ImoI? ’ “ 


. Calculate the heat loss by natural convection per square 

toot oI outer surface from a horizontal 4-in. nominal steam pipe to the still 

2(Sf m°pefth ely " temperatures are t. = 70 F and 

Solu/ion: The outer diameter of the pipe D = 0.375 ft. The temperature 


im — 


200+ 70 


= 135 E 


At this temperature the involved physical properties of the air are: 
0.0667 


P = 


32.2 


= 0.00208 slug ft- 


P = 0.1135(10-^)3600= = 0.00147 slug ft-t hr-x (from Table VI-2) 
Cp = 0.238(32.2) = 7.64 B slug~^ F“^ 
k — 0.0161 B ft"”^ (from Fig. II-l) 

Further:* 


Ti 460 + 70 


0.00189 F-i 


/"hi Sect. Yl~4 it is mentioned that for ideal gases 8 
absolute temperature of the main bulk of the gas. 


= 1/Ti where Ti is the 
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Wherever pounds occur, they are converted to the mass unit slug, by ciividiT;i 
by 32.2. This is necessary because in the derivation of the Grashof numW 
mass units are used (Eq. etc.). The usual value of the specific 

is related to 1 lb mass; in order to relate it to 1 slug it must be multiplied t 
32.2. (See Sect. IV~1, the paragraphs before Ex. IV-1.) 

In addition to the properties of the air, the gravity constant g occurs r 
(Gr ) . Because the unit of time used above is the hour, it is necessary to tab 
g 32.2(3600)^ ft hr“^. Otherwise the consistency of the units in tte i- 
mensionless group would be disturbed. 

Now, substituting all these magnitudes, one obtains 


(Gr) ^ - 10.75(10®) 

fJT 

(_Pr) = = 0.697, and 

k 

(Gr) (Pr) = 7.49(10®) 

log (Gr) (Pr) = log 7.5(10®) = 6.875 


Using this number and referring to Fig. VII~1 one finds log (Nu) = 1.42 aai 
from this (Nu) = 26.3. But (Nu) = hD/k. Thus 


26.3(0.0161) 

0.375 


1.13Bhr“ift 


and the heat transfer per square foot is equal to 

g" = 1.13(200 - 70) = 147 B hr-^ ff^ 

Referring to the empirical Eqs. VII-1 to 5, it may be mentioned that these 
too are special cases of Eq. VI-13. In all of them the result, already founi 
by L. Lorenz and mentioned in Sect. VI— 4, m = n = is used. 

Vn-4 The Concept of a Gas Film 

The disadvantage of dimensional analysis is that it does not help to | 
explain why such dimensionless groups as the Grashof number occur. 
A more conspicuous theory is based on the assumption of the existence 
of a gas film. Langmuir had already visualized the idea of a gas film in 
his doctor’s dissertation in 1906 (Ref. VII-2) and in 1912 he presented 
this concept in more detail (Ref. VII-3) as follows: Close to a heated 
wire practically no free convection occurs, and, as a result, a thin layer 
or film exists through which heat passes by conduction and radiation 
alone. It is only necessary to consider convection outside of the film. 

Langmuir came to this concept through observations which indicated 
that close to the glowing threads of electric lights convection was very 
small. This he explained on the basis of the well-known increase of 
viscosity of gases with the temperature. 
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Rice (Ref. yiI-4) combined this theory with dimensional consider- 
ations and anived at formulas which are rather similar to those found 
by dimensional analysis alone. 

PROBLEMS 

\ II— 1. Calculate the film, coefficient of heat transfer by free convection and the 
total heat -transferred from a heated vertical plate 1.5 ft by 2 ft at 200 F to still air at 

50 F. 

\ II-2. Deterinine the total heat transferred by natural convection from one 
square foot of a horizontal plate facing upward at a temperature of 300 F to air at 100 F. 

MI-3. Calculate the heat transferred per square foot by natural convection from 
a 6-in. pipe at 200 F in contact with air at 70 F by use of Fig. VII-1. 

\ II-4. Calculate the heat transfer by natural convection from a horizontal wire 
0.05 in. in diameter and 16 in. long at 800 F to nitrogen gas at 100 F. 
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CHAPTER VIII 

HEAT TRANSFER BY FORCED CONVECTION 


VIII-1 Some Peculiarities of Forced Conveotion 

Forced convection is probably the most important method of her 
transfer employed in engineering. It is used in almost every typee: 
heat exchanger, at least for one of the fluids and often for both. Forces 
convection heat transmission also occurs in devices which are no- 
classified as heat exchangers, such, as furnaces with artificial drai: 
and thermal engine coolers. It is only at high temperatures that her 
transfer by radiation may be more effective. I 

As in free convection (see Sect. VII-1) the significance of the tempera- 
ture difference At in Eq. 1-3 must again be considered. ; In forced con- 
vection the temperature difference is the difference between the ml 
defined surface temperature ts and the temperature of the fluid. Tkt 
latter temperature varies throughout the fluid. In a gas being heated 
as it flows through a pipe, the fluid temperature is at a maximum value 
at the surface and at a minimum value at the axis of the pipe. Xo 
unique agreement exists as to w^hether the temperature at the axis, tlie : 
linear average temperature along a diameter, or another mean tempera* : 
ture should be used. However, the mixing-cup temperature tjn is con- , 
sidered probably the most convenient to use. This could be formed 
by perfectly mixing the fluid passing the cross-sectional area of the tub ; 
in a cup ” and measuring its average temperature. For turbulem . 
flow the temperature of the fluid increases or decreases sharply in a ver\- f 
thin layer next to the surface, and is practically constant throughout ih ‘i 
bulk of the fluid; for this the fluid temperature may be taken at any i 
point in the cross-sectional area except close to the surface. The method 
for determining the average temperature with respect to the tempera* i 
ture change ih the direction of the flow of a heated or cooled fluid mil 
be discussed in Sect. IX-6. 

For free convection it has been shown by means of dimensional analy- 
sis that the Grashof number (Gr) and Prandtl number (Pr) are two 
groups which may be used as independent variables in setting up r 
empirical equations and constructing graphs, and the heat transfer ' 
coefficient may be represented in terms of the dimensionless Nusselt ; 

78 I 
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ntimber (Aw). For forced convection (A'„) may be expressed as a 
function of Reynolds number {Re) and again the Prandtl group (Pr) 

In general, all the dimensional equations which represent the indi- 
\idual coefficient h for forced convection may be expressed by the form 

(.Nu) = C{Re)”^(Prr [VIII-l] 

where C, m, and n are constants. 

Vm-2 The Heating of Fluids in Turbulent Flow through Pipes 
A good general correlation (Ref. VII -1 and VIII- 1 ) of the data on 
heating of any fluids m turbulent motion (Re > 2300) through pipL is 


) 0.4 


[VIII-2J 

For coolmg of fluids it can be likewise used approximately 
of the%''„iT(E'e?“n*i-r) •• temporafure 

Ex.^hple Vni-1 Calculate the average film coefficient of heat transfer 
at the water side of a single-pass steam condenser. The tubes are 0,902 in 
inside diameter, and the cooling water enters at 61.4 F and lea ves at 69 9 f" 
The average water velocity is 7 ft/sec. 

Solution: h wiU be found by means of Eq. VIII-2. P = 0 909/12 - n n 7 so 
- 7(3600) . 25,200 f./hr, Tl.. pAi..., phjsioea plpeiSi 
at a mean temperature of 65.7 F, as taken from Tables II-2, VI-1 andTrom 
the Keenan and Keyes’ Steam Tables (Ref. VIII-2), are: ’ ^ * 

62.2 


ii - 6.0(10 9) lb ft 9 hr = 6.0(10-9)(3600)9 slug ft-i hr-i 
= 0.0778 slug ft~^ hr~^ 

Cp = 1 B ib^-i F-i c= 1(32.2) B slug-^ F~^ 
k = 0.341 B hr~i 
Thus 

vDp 


(Pr) = = 0-0778(32.2) ^ ^ 

k 0.34I 

(Nu) == — = 0.023(47.100)°S(7.34)°-4 = 279.5, and 
, _ 279.5(0.341) 


0.0752 



.so 


lUiAT 'J’iUN.Sl,'jr|;j^ 

about^^aerT*^. -Pj-andtJ action [p^, 

•tomio ga,„" ““•'omic etm, 0.7o“",’'J ''^?“ »OT Sift, ,. 

->« O' “"' 

these three kinds of ''ango of ““^responi '. 

^asas and E,. Virr -2 ^Sperce.,: 

/) n 


[fti; 


A: 


0.0207 


0.8 


Example VIII-. 2 . if ■ ' ' ' 

*“ «■ vSo*° o/*!" / “* °'^bSc! st“' 5*^ *•"•*" *< «f.. 

respectively "xh?' 0 . 119 (io- 9 \ ^ as taSfr“' 

WittTTf/ « 0-06X7 ib 0.0171 Bir-frJ 

and /i = O.ii9(io-9)of5„;f|a ft, j, = 15(300^. H/hr ' 

33600^ slug ft-, o4 oiti/s ‘ 


~jr “ Os)36oo(^) 9-oei^ 109 


By substitution in Eq.vill-s 

andA = 3 . 23 Bhr-Xft- 3 j^, 


= 22,400 


iVw = -^(A) 
0.0171 


3 The Heating of Liquids in Str 

viscous 

“ore complica'S^than 

Sieder and Tate fR f -x ^ose for turbulent 1 

^th viscom 

fonnula: fron, 3 to 11 « ^“gfroxn 0.39 to I. 57 h 

' at the following 


or 


(.Nu) = 1.86CEe)r/3(p^y/3^Hyf3^^^. 


[Vln-4] 



\ Iil-4j FLLIDS FLO\\ ING NORMAL TO WIRES AND TUBES 81 

where k is related to the difference between the mean surface tempera- 

arithmetic mean of the “ cup ” temperature 
of the liquid at entrance and exit; 

L is the heated length of the tube; 

is the dj-namic viscosity of the liquid at temperature 4,- and 
fis IS the same at mean surface temperature 4 . ' 

In the expei-iments ranged from 0.004 to 9 8 
.^1 factors in Eq. yiII-4 are dimensionless: Comparison with 
Eq. \III-1 however shows that there are two more dimensionless 
temifc D/L and firn/f^s mvolved. Geometrical similarity of tubes 
obviously exists only if D/L is a constant. This is the reason why 
D/L appears m the equation as a parameter. In turbulent flow, the 
exponent of D/L is about Ks and (D/L^ns app,oaches a practiUy 
constant \ alue if L is relatively great compared vith D. Thus in 
turbulent flow in relati^ly long tubes Eq. VIII-2 can be used without 
taking care oi the small vanability with D/L in that range This is 
not tme with streamline flow where, according to experience, the ex! 
ponent is o^y The dimensionless ratio considers the influence 
of temperature on %nscosity which already has been mentioned in Sect 
\ I-o. By means of this term Eq. VIII-4 can be used for heating and 
for coolmg of ^scous oils in tubes, whereas without this term different 
equations for these two cases would be necessary. 

Vin-4 The Heating of Fluids Flowing Normal to Single Wires and 
Tubes 

« 

For this case, as for gas flow inside of a tube, one can use the equation 

. [VIII-6] ^ 

Different investigators found rather different values for C and m Aq ^ 
an average C ~ 0.3 and m = 0.57 maj’’ be assumed. 

_ Ex.iMPLE \ III-3. Calculate the heat transfer coefficient for the case of 
air flowing normal to a 1-in. pipe at a Reynolds number of 8000 if the average 
surface temperature of the pipe is 183 F. average 

Solution: R = ^2 ft, and k = 0.0171 B hr-i ft-i F-i fsee F,r VTTt 
B y substitution of (Re) = 8000 in Eq. VIII-o ^ ^ VlII-2). 

0.3(8000)'>-6t = 50.0 


50.0(0.0171) 


= 10.3 B hr-i ft-= 


and 
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Since the constants of Eq. VIII-5 are not known exactly, it does not 
introduce an appreciable error if k is taken at the surface temperature 
instead of at an average between the gas and surface temperatures. 

For the heat transfer from tubes to liquids, Eq. VIII-1 may be used 
with (7 = 0.6, m = 0.5, and n = 0.31 in the range from Re = 50 to 
Re = 10,000 (Ref. VIII-4). 

VlII-5 The Heating of Fluids Flowing Normal to Banks of Staggered 
Tubes 

Here Colburn (Ref. VIII-5) recommends the following relation for 
correlating the variables which influence the heat transfer coefficient: 



In this formula D is the outer diameter of the tubes, and Vm is the 
mean velocity in the smallest free cross-sectional area between the 
tubes passed by the fluid. The viscosity and thermal conductivity 
values are determined at the average film temperature. 

«/ = [VIII-71 

where tm and 4 are the mean fluid and surface temperatures respectively. 
Equation VIII-6 can be converted to 



or [VIII-81 

{Nu) - 

as can be easily checked (Ref, VIII-1). 

Vin-6 The Surface Film Theory of Heat Transfer 

The equations appearing in this chapter are based on dimensional 
analysis. However, as for free convection, there exists a surface film 
theory based on more prominent facts. 

In 1904 L. Prandtl first directed attention to the different behavior 
of the bulk of a fluid in turbulent motion and of a thin layer on the 
solid walls which limits the flow. In the former mixing movemente 
prevail, whereas in the latter gas friction is characteristic for the motion. 
In 1910 Prandtl showed in an analogous manner that heat is transferred 
in the bulk of the flow by mixing movements only, and in a surface film 
by thermal conduction alone. Using Reynolds' idea that gas friction 
and heat transfer are governed by the same laws (see Chapter XV), 
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Prandti developed a theory concerning this analogy which is known as 
the surface film theory of forced heat convection. This theor^^ is still 
in a state of development. 

As a result of Langmuir’s concept of a gas film, which incidentally is 
verv' similar to Prandtl’s assumption, Rice developed formulas for forced 
convection (Ref. VHI-6) which, like those for free convection, are not 
YBT}^ different from the relations found by dimensional analysis. 


PROBLEMS 


VIII-1. A cj^linder 1 in. in diameter is placed in a hot air duct at right angles to 
the direction of the air flow. If the air and cylinder temperatures are 100 F and 
300 F respectively, calculate the value of the film coefiicient for a mass flow velocity 
of 8000 lb,, hr-^ (see Sect. VI-2). 

\TII-2. Water at a rate of 5000 Ib/hr flows through a 2-in. internal-diameter 
tube. The temperatures of the water entering and leaving are 80 F and 120 F 
respectively. Calculate the heat transfer coeflficient at the water side. 

VHI-3. Air flows through a tube having an internal diameter of 4 in. at a volume 
rate of 10,000 ft^/hr at 130 F. If the entrance and discharge temperatures are 60 F 
and 200 F respectively, calculate the heat transfer coefficient. Assume an average 
air pressure of 40 Ib/sq in. absolute. 

VIII-4. Determine the coefficient of heat transfer for oil flowing through a 
heated tube 8 ft long and 1 in. in diameter at an average velocity of 1.5 ft/sec. The 
entering and discharge oil temperatures are 129.1 F and 130.9 F respectively. 
Assume that the tube surface temperature is constant and equal to 160 F. The 
specific gravity,* average thermal conductivity, and average specific heat values for 
the oil are 0.88, 0,08 B hr“^ ft“^ F~^, and 0.5 B Ib^,”^ F”^ respectively. The variation 
of the dynamic viscosity of the oil for various temperatures may be obtained from 
the following data: 


Temperature 

F 

120 

130 

140 

150 

160 


Dynamic Viscosity 

10—3 IJj f ^_2 ggc 

1.3 

1.1 

0.9 

0.7 

0.6 


VlII-5. Calculate the heat transfer coefficient for water Bowing over a bank of 
staggered tubes 1 in. in diameter at a mean velocity through the smaUest free area 
of 8000 ft/hr. Assume that the average film temperature is 118 F. 


REFERENCES 
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(1940). ’ 

* Specific gravity is defined as the ratio of the specific weight of a substance to 
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CHAPTER IX 


HEAT TRANSFER BY TEE COMBINED EFFECT OF 
CONDUCTION AND CONVECTION 

IX-1 Cases of Combined Conduction and Convection 

Thus far only such cases have been treated where either conduction 
and convection occurs alone or the effect of the one prevails so much 
that the other can be neglected. This is not generally true. 

Hiere are two main cases in which the combined effect of conduction 
and com-ection must be considered. The one deals vdth the projections 
of a surface into the environment, as for instance, the handle of a hot 
vessel or ^s on the cylinder of a combustion engine. Here heat is 
conducted from the root to the free end or edge of the projection, and at 
the same tmie heat is given up to the environment by convection and 
by radiation. The radiation effect will be neglected or simply con- 
sidered as included in the convection effect in this chapter. 

The second case occurs at the waU of a building and in heat exchangers 
in a bmldmg, heat energj^ may be transferred from the inside air to the 
wall, ttough the waU by conduction, and finally given up to the outside 
air. ■•■hus, there is a series of one convective and one conductive and 
another convective transfer of the same rate of heat, similar to the heat 
flow by conduction through a series of different layers of insulation of a 
composite wall which has been dealt with in Sect. III-3 and 6. Con- 
sider the transfer of heat from the hot water to the cold water in a 
tubular water cooler. The temperature of the hot water is reduced as it 
passes tlmo^h the apparatus owing to the gradual dissipation of thermal 
energjr of the hot water particles to the cooler surface of the walls which 
separate the hot and cold water. The thermal energy then flows 

thiough the metal wall by conduction and finallv into the cold water bv 
convection. 

IX-2 Heat Transfer from a Rod Heated on One End 

The firat of these eases will be treated by using as an example the heat 
transfer from a rod of arbitrary constant cross section protruding from 

a vessel at constant temperature. 

In Fi& IX-1 a rod whose cross section has an area A and a circum- 
ference C protrudes by the length x = L from a perfectly heat-insulated 
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bath, at constant tcmrx^rflfnria / 

temperature is t^. The rod is made of a maf ^ ^ ® 

ductivity of k, and the film crffieiel? S I "f . ""T ^ 

»f.« .0 the .Be, he ‘“ZS" *“ - 

the range of temneratures considered. It is 



IX 1. Rod protruding 
from a liquid bath. 


Fig. IX~2. Temperature 
distribution along the rod, 
shown in Fig. IX-L 


the heat balance for i 
is perpendicular to the 
^ body at constant temperature fn 'T’Ki-vin, 
y conduction q^, originating from the liquid bath « ri ^ fu 
m the direction of the free end of the rod FnrtJ ’ 

IS given up by convection from thfrod to th^ u®’ 

conditions, there will be a heat balance M steady state 

energy ^ balance dT incommg and outgoing heat 


the 


at 
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according to Eq. III~1 


II 

1 

[IX-2] 

Furthermore, according to Eq. IV-5 


dH 


Qb = Qa — fcA ^ dx 

[IX-3] 

Finally, according to Eq. 1-3 


qc = h(C -dx) (t — ta) 

[IX-4] 


because the surface of the differential slice through which heat is given 
up to the environment is C • dx, and the difference between its tempera- 
ture and that of the air is ^ — ta^ 

Substituting and Qc from Eqs. IX-3 and 4 in Eq. IX-1 one obtains 


or 


qa-- kA. 


dH 

dx^ 


dx + hC * dx(t 


^o) 


dH 

dx^ 




[IX~5] 


Let ^ = (i — ta) be the temperature of the rod, referred to the air 
temper ature a s zero, and simplify by introducing the symbol 
m — VhC/kA. 

Then, because ta = const., dH/dx^ = d^d/dx^. Thus Eq. IX-5 
simplifies to 


fe 

dx^ 


= nt?e 


[IX-6] 


The general solution of this differential equation is 

d - Me~^^ 4- [IX-7] 

where M and N are two arbitraiy constants of integration. It is easy 
to check Eq. IX-7. Differentiating once gives 

de 

— = —Mme^ + Nme^^ [IX-8] 

Differentiating a second time gives: 

^ + Nm^e”^ = + Ne”^ 

dso 
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and by substitution from Eq. IX-7 ' 

: m^d 




[Ri 

The constants M and N will be found fmr,, <.u 
conditions, two of them being necessary and suffictnr"'^”®'^ 

1 1° j ‘“‘stance, the free end of the rod in Eie tx i 
msutod by . pad P. then »„„,d be ee,o ai f - 7 
-uld^ave «.e tod in the aaia, dheetion at atV 


or 


(■^a^x^L — — hA. = 0 

\dxJx=z, \d 3 :/x=x, ~ ^ 


Substitntog thi, and a - i in Eq. IX-8 give, a «„t boundaty ««»., ' 

0 — —Mme -j- ^ 


or 


g 2 wZr _ ^ 

N 


[IX-9J 

< - ot . - s„ jitisj tjst s,ux-“ Sr '■ ■ 


^0 = Me^ + Ne^ — M ^ ]S[ 
From Eqs. IX-9 and 10 it follows 


M 


Bo 


1 

and by substitution in Eq. IX-7 


and N == 


1 + 


6 


■"«(r 


Qmx 

+~F^ r+ eZmn 




[IX-101 


[rx-ii] 


[IX-12] 


trudes from a weU-insulated sSilm ^etsel ^210 ^ 

end of the rod is insulated so that the hpiflfc^° 

gible. Determine the temperature at the free^/r^ th*'® end may benegli- 
Sliver, (b) iron, and (c) fflass Shnw + 1.0 + ^ made of (a) 

rod in these three cases. Take the hpaf n distribution along the 

equal to 256, 36, and 0.64 B hr-i ft-i of the three substances 

assume h = 1.44 B hr~^ ft"^ F—i ^®sp6ctively, and in all three cases 
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Solution: Substituting a; = L in Eq. IX-12 yields the temperature at the 
end of the rod 


= e„(j 


This can be simplified by reducing to a common denominator: 

e - e 4- 4- -f 

^ ° a 4- (1 4- 


4- e-^^) 


Q ^ J _ n 

g2mz, + 2 4- ^^emL . 


6^ = to - ta = 130 F 
L = 9/12 = 0.75 ft 


m - VhC/kA 
h = 1.44 B hr-i ft”2 

C = x?^ft 
12 


-my 


[IX-13] 


It is necessary to convert all inch units into foot units since foot is 
used as a unit length in h and k. It noay be shown that the dimension of 
m is so that the exponents ??zx and mL in the above equations become 

dimensionless. As mentioned in Sect. VII-2 the exponents of a physi- 
cally and mathematically exact equation must be dimensionless. 


With the above values 


I k V/c 


and by substitution in Eq. IX-13 for case 


(a) k = 256 


(5) ^ = 36 


m = “ 0.6ffc-i 

V256 16 

TO = = 1.6 fir-» 


mil = 0.45 


mil = 1.2 


(c) k = 0.64 


= 12 ft-i 


ml = 9 
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Furthermore: 

(а) = 1.568 

(б) = ei-2 3.285 

(c) = e9 ^ 8104 

and by substitution in Eq. IX-12 
2 


(a) Bl = 130 - 


1.568 + 


j 118 F and II ^ Bl ta = 118 + 80 = 


1.568 


(b) Bl == 130 


3,285 -f- 


T" ~ ^ = 72.5 + SO = 152.6 F 


3.285 


(c) Bl, = 130 


8104 + 


8104 


- 0.032 F and = o.03 + 80 = 80.03 F 


thJ^Svefrod x°sTnW?F UlortratrfSet" 

almost at the mean between the steam and tlie iron rod is 

«lu. rod u pmoHoHly equal u, the air tempmS”"*™' 

_ gO.3 ^ 1.350 

gimi gma.S) = gO.9 = 2.460 


0i = 130 1 


1 

1.162 


. 1 + 


+ 


1.162 


2.460 


1 + 2.460 


= 130('°:^ + 11^V 
V1-407 ^ 3.460/ ~ 


123.2 F 


Os = 130 


( 1-350 1.350^ 

1.407 3.460/ = 


h = 203.2 F 

130(0.527 + 0.390) = 119.2 F 
<2 = 199.2 F 
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(b) = 1.492 

gmCO.5) _ gO.8 _ 2.226 

g2«.Z, = g2.4 == 11 02 


01 = 130 


02 = 130 



.../0.671 ^ 1.492\ 

J L_ ^ I \1.091 12.02/ 

11.02 / 


96.2 F 


226 ^26 
,091 12. 


???) 

.02/ 


= 176.2 F 

= 130(0.412+0.185) = 77.5 F 
t2 = 157.5 F 


(c) e»»(o-25) = e® = 20.09 

gm( 0 . 5 ) ^ 56 = 4Q3 5 


^2inl/ — «18 — 


65,700,000 


, = 13o(^ + -^2:5£_) 
\l + 0 65,700,000/ 

,= 13ote + -i53:i-) 

\ 1 65,700,000/ 


130(0.0498 + 0) « 6.5 F 
h = 86.5 F 

130(0.00248 + 0) = 0.32 F 
t2 = 80.3 F 


The temperature distributions, according to these figures, are shown 
in Fig. IX~2. All the cui'ves become tangent to the horizontal axis, 
which is true only for a perfectly insulated pad P as shown in Fig. IX-1. 

If the end of the rod was u ninsulated, then mth the value of h at 
X — Lj according to Eq. IX-2 " 



as before. However, for this case it is not equal to zero, and according 
to Eq. 1-3 

(qa)x^L = hA (ta;^L — ta) = hAd^^L 
Equating both expressions one obtains 


[IX-14] 
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But from Eq. IX~8 it follows that 

+ JVme”^z ? 

and from Eq. IX-7 i 

-j- f 

^ I' 

By substitution in Eq. IX-1 4 th/> K.. j . ^ 

-Jr , boundary condition is obtained 

DS-KI 


/cm(ilfc— i - Ne^^) = A(Afe— ^ 


M and N, and the resulting p^rm-n ■ unknown quantities * 

Thus, the procedure is etacSv th ^’^bstituted in Eq. IX-7. ! 

calculation is more cumL™ o^tie i 

alUhLrtrstttf^^^^^ eonsidedn^t.. \ 

to compute Therefore it is necessary f 

^X=>Q = —kA TTXr 

by substitution from JEn xi 

gx^o ^ denotation go instead of ’ 

^0 = kAm(M - AT) ; 

Soluhon.- Substituting M and TV from Eq. IX-11 gives I 

M -N = dJ L_ _ 1 \ 

\1 + « 1 q_ g2»si J 

Thi. c„ h, ^ d.„o„i„u,r. 

M ~ N ^da- 


} 


€ 2 wi:_ ^-2mL 


1 + -j- I 


and by substitution in Eq, IX-- 17 : 


p — e-mi 

° q_ g-mi ^0 tanll(??^Z,) 


t ~ g-mi) 

(gmi g— 


g»ni — « — mi 

go — ; — Ip A Z» , 

gmi g— mi kArnB^ tanh(??^Z,) 


PX-IS] J 


tIX~19] 
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IN~31 

Substituting the data given for the»iron rod: 

qo = 36 (130) tanh 1.2 = 22.96 tank 1.2 = 22.96(0.834) 

= 19.1 « 19 B/hr 

Finally, it may be mentioned that the above equations are not 
restricted to cylindric rods, but hold like^\ise for any projections from a 
heating surface, for instance, fins on a plane plate where A represents 
the area of the cross section through the fin, and C the circumference of 
this area. 

IX-3 Heat Transmission Between Two Fluids Through a Plane Wall 

The combined effect of conduction and convection in heat exchangers 
may be considered in a manner similar to heat conduction through a 
composite wall as shovm in Sect. III-3. 


Fig. IX-3. Counterflow tJn-ough channels with plane 
separating walls. 


Fig. IX-4. Temperature distribution in the system of 
Fig. IX-3. 


Figure IX-3 represents a cross section through two channels 1 and 4 
with a common plane separatm^r^wall, the.„_tLrfaces of which may be 2 
and 3. Fluids at different tempei*!iiWW^are assumed to flow^ in the two 
channels, for example, in opposite dii*ection (counter-flow^) as indicated 
by the two arrows. For the present, the length of the heat exchanger is 
considered such that the temperature of each fluid may be assumed to 
be constant. Let the temperatures of the fluids be ti and ^4 (see Fig. 
IX-4), and the surface temperatures of the separating wall ^2 and tz, 
its thermal conductivity and the film coefi&cients of heat transfer hi^ 
and Aa4 respectively. Similarly as in heat conduction through a com- 





Z2tZoiZr^AT ■»'^“<“-.>«Iy « tt. 


From this: 


h — t2 — r-^ 
h — h =^ 

^"23 


ts — = 


^34-^ 


By adding these three temperature differences it follows that 

<x - 4 = f fi + , J_1 

^33 +;,J 


or 


? = 


4 C^i - i^) 

~ 4- <^^)23 , J_ 

^12 *23 *34 


C^-4 Ci!l — j! 4 ) 


IK-! 


, . "-34 

Which corresponds to Eq. IH-s ,.^ . 

• Eoi simplification a new symbol 


17 = 


J_ _|_ (Aa:)33 

*12 *23 *34 


[K-21] 


ho/S boGii introdiip^^rl 'T’i-i.^ • 

of heat transfer. Its physi^ dS^en^' ^ the overall coefficient 

" coefficient of heat transfer. same as those of the 

measurement of the surface temnerat easily, whereas the 

impossible, the overall coefficW ht difficult or even 

Bx^rnn IX-3 A h! T 

m. thick. If the two surfLeToeSnt'^^” consists of a copper plate % 
respectively, calculate the overall h^ t ? 480 and 1250 B hr-ifl-^F-' 

for the given problem is 220 B S-i ft-i ®°«®“cnt. Assume that i 

Solution: it. i: \ 


C/ = 


J_ 031^ 1 

480 ^ — 


220 


0.00302 


— 331 B hr”*^ ft~^ 


1250 
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As in heat conduction through a composite wall (Sect. III-4) heat 
ances may be used. Equation IX-20 then assumes the simple form 

a — ^4 

Ri2 + + [IX-20a] 

which corresponds to Eq. III-3a. 

IX-4 Heat Transmission Between Two Fluids Through a Cyhndric 

W^all 

In^the ease of a double tube heat exchanger, as represented in Fig. 
EX-o, the procedure is sinular to that with thermal conduction through 
several layers of insulation on a cylinder (see Sect. III-6). 



Fig. IX-5, Double tube heat exchanger. 


The nomenclature is analogous to that used for Figs. IX-3 and 4. 

The flow of heat per unit length of the concentric tubes of Fig. IX-6 
may be represented by 


or 


— hi2 • 27rr2(fi — h) 
= ^34 • 27rr3(4 ~ 4) 


In rs/? 2 




^ = 
3 ^ — 4 = 

^3 — 4 = 


^1227rr2 

In r3/r2 


hs4^Trrz 


t4 






i227rr3 hs42irrz. 


;) 


By addition 



NDU IIOK and (X)NVJ3CtI0N [Iv. 
or 

a' - k 

[IX-221 


1 


J , InraAa 

Ai22xr2 fc232,r 


Referring to a length L of the double pipe let 

d = <7'i> 

^2 = 27rr2 • L 

-^3 = 2 x 7 ’;j • Z, 

Piom Eqs. IX-22 to 25 the following is obtained: 
? = U,A^(t^ - i,) = 

1 


K-ssi 

[IX-2}j 

[IX-25i 

[IX-26 


and 




C/3 = 


J_ 2I2 In ra/rg 

<^12 k2s2irL Ajwds 
1 

_r ^3 In rs/ra ] 
^12^2 k^3,2TrL ^ hZ, 


[IX-27] 


t 

[IX-28] 


These may easily be checked 

IX-28 equals p , , denonunator of E, 

kzz ■ ® erring to the first term, it is seen that 

H 


■^3 27rr3 • L 


^2 27rr2 • L 


r2 


So this term, becomes 


U. 


1 


^3 

^12^2 


> and 


^3 


_ I Tzlnr^/r^ 1 

hi2r2 k^z hzi 


[IX-28Q 


the outer area to a ^oppe^lMden^OT ooelBcient based o: 

a wall thickness of 0.1 in Assume thfit Tv. diameter haviiij 

aer^ .„d«et|.i„ .f «opp., i. 2«, b „ “a «■ 
Solution: From Eq. IX-2Sa: ^ ' 

U, = __J 1 

0.00488 4- 0.0000485 + 0.0005 0.00543 ^ ® p-i 
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IX-6 Types of Heat Exchangers 

Thus far the length T of a heat exchangei’ was considered, such that the 
temperatures of the two fluids could be assumed constant throughout 
this distance. Generallj’, the temperatures change in the direction of 
the flow and the question arises as to what average value of - ^4 will 
take into account the temperature variations. 

In order to consider the mean temperature difference, the tempera- 
ture distribution in the various types of heat exchangers will be con- 
sidered. The subscripts a and h refer to the two ends of the exchanger 
and the prime sign to the heating fluid. 

All heat exchangers may be divided into the following five general 
classes. 

Class 1. Heat exchangers wherein a fluid at a constant temperature 
gives up heat to a colder fluid the temperature of which gradually 



Area 

Fig. IX-6. Temperature distribution in 
heat exchanger of class 1 (condenser). 



Area 

Fig. IX-7. Temperature distribution 
in heat exchanger of class 2 (boiler). 


increases as it flows through the de\dce. The heating fluid can be at 
rest or moving in any direction. An example of this type would be a 
steam condenser. Figure IX-6 indicates the temperature distribution 
in the apparatus. 

ClaBS 2. Devices wherein a fluid at constant temperature receives 
heat from a warmer fluid the temperature of vdiich decreases as it flows 
through the exchanger. Here the heated fluid can be at rest or moving 
in any direction. A steam boiler serves as an example of this class. 
Figure IX-7 shows the temperature distribution in this type of heat 
exchange apparatus. 

Class 3. Parallel flow heat exchangers wherein the fluids flow in the 
same direction and both of them change their temperature. Many 
devices such as water heaters and oil heaters and coolers fall in this 
group. The temperature distribution for this type of apparatus is 
illustrated in Fig. IX-8. 

Class 4. Counter-flow heat exchangers wherein the fluids flow in 
directions opposite to one another. This possibly is the most favorable 



kind of fluid heat, ore and cooIoin a + 

"ssrsi^rr."-”™ i™"' 

angle to the second one as is’ the flows at. 
act be dealt with in th^’ """"" 

. 4' 


flow). 


'■^'^“Pe'-atoe distributioii 
in heat exchanger of class 4 (counter, 
flow). 


I _ “ IX-10 which consti- 

tutes a schematic tempera- 
*’^*’0 distribution diagram 
■^1 a, parallel-flow heat ex- 

I T / / changer. 

I fi-4 A/ of heat W 

E 1 I I * ferred through area % 

- I i 1—4- ^ ^ located distance a: from the 

I entrance of the heat ex- 

, 1 I changer is 

■fa ! ' 

4 I U -dyit' -t) [IX-29] 

>'=J'i=.<4 I’o.tes of heat dpi lost 


>'=J'i=.<4 I’o.tes of heat dpA lost 

7;^^;“— by the hot fluid and dg, 
Jin. IX-10. Temperature di,r cold fluid in 

foraparaJlel-flowheateiehanL*“®'"“ TTf are 

® ■ equal to the product of the 

specific heat Ct (or c t or,^ * rate of 

Thus ^ temperature change dt' 


lHACndt 

-htn^Ccdt 


[IX-30] 

[IX-31] 
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Combining these two equations and dropping the subscripts of a 
smce the heat gained by the cold fluid is equal to the heat lost by the 

hot fluid, gives 

di’ - dt= -dq (-4— + — 

incCcJ 

Substituting - t) for {dt' - dt) and a new symbol N defined by 
^ mhCk rricCa [IX-32] 

the following is obtained: 

dit' - 0 = -dq-N 
. Substituting for dq from Eq. rX-29 
dit' - t) 


Bjf integrating 


it' - t) 


-UN -dy 


In it' -t) = -UNy+C 
One boundary condition is 

t' - t = ta' - ta 


[IX-33] 


for y = 0, that is, at the flow entrance. Substituting this in Eq. ES;-33 
yields 

C = In ita' — ta) 

and again substituting in Eq. IX-33 gives 


, t' - t 

^Ct 

Another boundary condition is 

t' ~t ^ij/ -- ti, 


[IX-34] 


for y = A, that is, for the w^hole heating area of the heat exchanger. 
Substituting this in Eq. IX-34 leads to 


1 T tb TT A 


[IX-35I 


The rate of heat qs, transferred on the total area A, may also be 
expressed by 

qA == UA{At)m [IX~36] 

where (AOm represents a mean temperature difference. 



^iqm Eqs. IX-35 and 36 it follows that 


or 


(^i)m 
(^Om = 




tu — }r~ 

^ 
qAN 


In 


tb - 4 


Substituting for N from Eq. IX-32 gives 


in' - t„ 


(A«)„ = _ 


But 


-3±^ + J±_ 

'^hCh 'iUcCc 

to - 4 


or by substitution from Eqs. rX-30 and 31 
and by integration 

mm ^ -^hcn{%' - C) = ^ . 

This substituted in Eq. IX-37 gives 

VllfiSh Lr tb) _ mcC^(ta - 4 ) 

' “ 


dt 


— ^ ' 
(it)^ =: _ - '^hCh 


or 


ta ta 


TiZcCc 


- <a) - (ts' - 


4' - 4 


[IX-371 


[IX-3i 


{IX-39] 

This is loiown as thp 
written in the following for^^^^^ temperature difference." It is often 

(A«)m = 

In 


DX-40] 
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In Eq. IX 40(Ai) and (At)^ represent the roaximum and mini- 
mum temperature differencesintheheatexchanger. This simple relation 
for the log mean temperature difference may be used for the types of heat 
exchangers discussed. It must be altered for the more complex types 
of heat exchangers, such as the shell and tube devices with any number 
of passes on the shell side and tube side, and cross-flow exchangere with 
different pass arrangements and with mixed and unmixed flow. For 
these types correction factors have been worked out (Ref. IX-2), by 
which the log mean temperature difference for coimter-current flow 
must be multiplied to give the true differences. 


Example IX-5. A liquid-to-Uquid counter-flow heat exchanger is used 
to heat a cold fluid from 120 F to 310 F.' If the hot fluid enters at 500 F and 
leaves at 400 F, calculate the log mean temperature difference for the heat 
exchanger. 

Solution: 


— 400 — 120 - 280 F and (A^min = 500 — 310 = 190 F 
Then according to Eq. IX~40 


(Ai)„t 


280 - 190 


In 


280 

190 


232 F 


IX-7 Some Applications 

The analysis of the behavior of the various types of heat exchangers 
which include heat transfer by convection depends upon the knowdedge 
of the film coefldcients, the overall heat transfer coefi&cient, and the tem- 
perature differences. The values for U and h for the solution of a 
particular problem must either be taken from experimental results, 
industrial operation records, or from dimensional coiTelations. Some 
of the latter have been dealt vith in Chapter TUI. 


Example IX-6. Calculate the outside tube area for a single-pass steam 
condenser to handle 731,300 ib/hr dry saturated steam. The inlet steam 
pressure is 1.09 in. Hg and the hot~well temperature is 81.7 F. The cooling 
water enters the inside of the tubes at 61.4 F and leaves at 69.9 F. The 
tubes are of 1-in. outside diameter by 0.902~in. inside diameter, and the tube 
material has a thermal conductivity of 63 B hr~^ ft~^ F""^. The average 
water velocity in each tube is 7 ft sec~^. Assume that the steam side film 
coefficient is 1000 B hr"^ ft~® F“h 

Solution: The average water side coefficient has been determined in Ex. 
VIII-1, and was found to be A = 1270 B hr“^ ft~2 p-i. 
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”-t 'ssssirs'™' “• 


Uz = 


L ____ , 0.5 In i / d<m 

1270 ( 0 . 902 ) ~ 1 ^ 9 / 7 ^ -h — 

1 12 ( 63 ) jooQ 


1 


*516 B hr“"i ft“2 


i . . h . “ i'C 

... 1 '7 /T. . V 


( AO ™ = . 


( 81.7 - ( 59 . 9 ) 

20X~ = 15.7 F 

‘ 11.8 


ight rate of steam condensed. Tims “ enthalpy and the 

? = 731,300 (1097.4 - 49 71 rcc 

4.1.7) = 765,000,000 B/hr 


The area required according to Eq. IX-26 is 


^ ^ 7^65,000,000 

616(15.7) ' ~ 94,500 ft‘ 

Example IX - 7 . tHo # 11 

of a shell and tube water ° were reported (Ref IX-H en . + * 

area of 48.1 7^*®^-^o-water heat exchanger withTte/ i ^ 

are given m Fig. IX-n n f measured temDeraZ 



if = 59.5 


/=97.2 


Fig IX ^ 

approximately 4.3 in. 

and 2? 7 ftn water flowing throno-fi + 1 . of approximately 

Cairn I*? * + 1 .^®*' ’respectively ^ ® ®^®11 were 18,210 

'-calculate the overall 4 . «' 

■= .-it 



LX- 


SOME applications 


103 

Solution: {a) In the derivation of the log mean temperature difference 
difierential elements were considered beginning iriti Eos IX 2Q Z rl 
Of .hi, ,h, tab. s.o.io„ between 

to be the elements, the derivation leads to the same result as can be ea“ h 

ZV t, counter-flow is assumed to Sst 

ahhough this IS not exactly true. With this assumption, according to eJ 


(AiU = - 59-5) - (139.7 - 97.21 

(108.1 - 59.5) 

(139.7 - 97.2) 


= 46F 


According to Eq. IX-26, the rate of heat transferred is 

ff = 1/3(48.1)46 

But according to Eq. IX-38 

g = 18,210(1) (97.2 - 59.5) = 686,000 B/hr 

From the two last equations one obtains &’ = 310 B hr~^ft~- F~* 

(b) The to^^'idual coefficient of heat transfer bs, for the outside of the tubes 
(heating ffmd) toU be calculated by means of Eq. VIII-S, considering now the 
now in the shell as a flow normal to tube banks. 

It will be assumed that the average tube temperature ^3 = 113 F This 
vdll be checked again later. 

According to Eq. VIII-7 the average film temperature is 


= 123.9 


= 118.4 F 


At this temperature the pertinent thermal properties of the water in consistent 
umts are 

P = slug ft-3 = 1.924 slug ft“3 


M 3.32(10 ®) lb ft “hr — 3.32(10 ®)(3600)^ slug ft“*^ hr~^ 
= 0.043 slug ft~^ hr”^ 

Cp - 1 B Ib^-i F-i == 1(32.2) B slug-^ F-i 

k - 0.367 B hr-i ft"^ F-^ 


Further one needs 

Ds = 0.375/12 0.03125 ft, and 


V, 


21,780/61.8 


= 7620 ft/hr 


6.67/144 
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TTVion 


Then 

(Re) = ^!;i£sE = 7620 ( 0 . 03125 ) 1.924 

ft 0.043 ~ 10,030 

(Pr) ^ 0 . 043 ( 32 . 2 ) _ 

* 0.367 ~ 

Substituting these dimensionless groups in Eq. vill- .s 

z, . r» 

and from this 


IL\«: 


V 1 1 1 

(Nu) = ^ 0 . 33 ( 10630 ) o-“(. 3 . 76 ) i /3 = 133.7 


, _ 133 . 7 ( 0 . 367 ) 

0.03125 ^ 

Md) TOi 3 ‘‘' °' “” “ 

^ 32.2 ^ ~ 

» - dddo-, ,b ft-, to . 5.1(W^(3e„„,. ft-, b,-. 

= 0.066 slug ft“i hr“i 
c, = 1 B lb„-i F-i = 32,2 B slug-i F-i 

* = 0.348 Bhr-ift-iF-i 

Further 

= 0 . 277/12 = 0.0231 ft 
„ ^ 18 , 210 / 62.3 „ 

no ^ 0.02313 


(Re) = = 7120 ( 0 . 0231 ) 1.94 

ft n nsn ■” 4830 


X. i7*a: 

0066 ^ ^ 

(Pr) ^ ^ 0 . 066 ( 32 . 1 6 ) ^ 

^ 0.348 ^ ~ 

By substitution in Eq. VIII-2 

(Nu) = = 0 . 023 ( 4830 )»- 8 ( 6 . 09 )o-‘ = 41.95 

and from this 

A,, _ 41 . 95 ( 0 . 348 ) i 

570231 “ ^ I 

sume 58 B hr-i'ft->'F-?foTthe''the^^ overaU heat transfer coefficient. As- 
ter the thermal conductivity of brass. Then from } 
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Eq. IX-2Sa 

0.03125 1 0.03125 1 0.03125 T” 

0.0231 632 2 58 ^ 0.0231 1570 

1 

0.00214 + O.OOOOSlo + 0.00064 ® 

This value deviates from the actual value by 11.4 per cent of the latter 
The de^^ation is not too great owing to the simplifying assumption.^ which 
had to be made. Considering that the three terms in the denominator of the 
last equation are proportional to the three heat resistances involved (see Eq. 
IX-20a) it IS observed that the tube wall presents only about 3 per cent of 
the total resistance. Therefore, of the average temperature drop between 
the two fluids of about 45 F. only about 1.3 F is due to the heat resistance 
of the wall. Since ts is the average temperature of the outer surface of the 
tubes, that for the inner surface would be h — 1.3. Then equating the heat 
flow between the heating water and the waU, and that between the wall and 
the heated water 

- 123.9) = 7iio.4o[78.S - (fa - 1.3)] 

or 

1570(0.0S125)7rL(i3 123.9) = 632(0.023 l)7rI.[7S.3 - (fg - 1.3)] 

Evaluating gives fs — 113.5 F which is in excellent agreement with the value 
113, assumed at the beginning. If there had been a considerable discrepancy, 
the calculation would have to be repeated vdth another estimate of ts. 

JX~8 Heat Transfer from a Wall at Uniform Temperature Suddenly 
Brought in Contact with a Medium at Different Temperature 

In Sect. IV-3 a wall vith an initial temperature of whose surface 
temperature suddenly changed to and remained constant thereafter 
was discussed. A wall at the sides of which are suddenly exposed to a 
medium at now be considered. In this case the surfaces do not 

immediately take on the temperature of the surroundings owing to the 
insulating effect of the fluid film next to the surfaces. As it was in the 
case of the thick slab, the complete solution of the problem is beyond the 
scope of this text. However, the final results are available as charts, for 
instance, those published by Groeber (Bef. IX-3). These are based 
on the following relations 

~ ^0 “{” ’ 2^^ [IX— 41] 

4 — ^ “h [IX-42] 

Q = pc^Ld.- - , II) 


[IX-43] 
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The symbols used are; 


AND Convection 


Ij — thickness of the wall. 

A = area of one side of the wall. 

P = density 
Cp = specific heat 

* - a™, ^ 

^ ^ “ thermal dififusivity 

= initial uniform temperature of the wall 

1: = wTJVeTZ' T!'"" 

of the waU at temperature at the median phe 

h = heat transfer coefficient. 

hL /2 k and 4o;r/i:= as abscissa and parameter rlSeotivet”""°“^®® 
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in infinite time becomes 


= pCj,AL(ti — to) 

TWs is easily seen because AL is the volume, pAL the mass, and pc^L 
SiJ™ ~ °”Sinal temperaCe 


E™b IX-8 a waU 2 ft thick at an average initial temperature of 100 F 
IS exposed on both sides to hot gases at 1000 F If * - S R hr-i ft-i 

^ U ^ B hr-i ft-= F-i calculate 
( 0 ) the temperature at the center niane 


. = 0.3 B lb„ 


p = 162 lb„i ft ^ ^ 

(a) the temperature at the surface, lemperature at the center plane 

of the waU, and (c) the heat absorbed by 10 sq ft of the wall 30 hours and 
24 minutes after the gases come in contact with the waU.* 

Solution: 


4a!T _ 4(0.1645)30.4 

p 

and 

2(8) “"• 


From Fig. IX-12 the following values were obtained: 

= 0.37, = 0.41, ^ = 0.62 

From Eq. IX-41 

U = 1000 + (100 — 1000)0.37 = 667 F 

From Eq. IX:-42 

tc = 1000 + (100 - 1000)0.41 = 631 F 


From Eq. IX-43 

Q = (162)0.3 (10) 2(100 - 1000)0.62 = -541,000 B 

The negative sign shows that the heat is not released but absorbed 
and stored by the wall. 


* As mentioned in Sect. 1-3, the density, related to pound has the same 

numerical value as the s^cific weight related to pound force. Therefore y = 162 
lb ft“3 could have been given as well in the above example. But since the ordinary 
numerical values of Cp are related to pound mass, one must use p. The student 
should be encouraged to read, once more, the remarks in Sect. IV-1 concerning 

Cp ~ pcp. 
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PROBLEMS 

IX-1. For the conditions given in Ex. IX-l, calculate the rate of heat given i;* 
by the silver rod and the glass rod. 

IX~2. For the conditions given in Ex. lX-1 except that the free end of the rod v 
uninsulated, show the temperature distribution in the axial direction by a grapMc« 
each of the three rods, and calculate the amount of heat given up. What fraction 0= 
the latter is lost through the free end? 

IX-S. Calculate the overall heat transfer coefficient based on the outer area k 
a condenser tube (k == 60 B hr~^ ft“^ having an outside and inside diameteni 
1 in. and 0.902 in. respectively. Assume that the steam side and water side heattrai- 
fer coefficients are 1000 B hi~^ ft~^ F""^ and 800 B hr“"^ ft“^ respectively. 

IX~4. Calculate the overall heat transfer coefficient based on the inside areafora 
tube (fc — 58 B hr”^ ft”^ F~“^) having an outside diameter of 2.375 in. andauin- 
side diameter of 2.0 in. Assume that steam is condensing on the outside of the tube 
and that the individual coefficient for the steam side is 900 B hr“^ ft”"^ F~h Th 
coefficient for the inside is 1100 B hr"”^ F“^. 

IX--5. 200,000 lb /lor of water are heated in a parallel-flow heat exchanger from 
230 F to 350 F. Hot gases used for heating the water enter the exchanger at 700 F 
and leave at 400 F. Determine the overall heat transfer coefficient if the total 
surface area is 20,000 ft^. 

IX-6. A parallel-flow heat exchanger is to be designed to heat 10,000 Ib/hr oi 
water from 70 F to 110 F with steam condensing at 250 F on the outside of the tubes 
Tubes of 1-in. outside diameter and 0.9-in. inside diameter, 8 ft. long are available 
for use. If the average steam side coefficient is 1000 B hr^*^ ft”*^ F""^ and the thermal 
conductivity of the tube metal is 64 B hr’“^ ft""^ F~^, calculate the required number oi 
tubes per pass and the number of passes. Assume that the velocity of the water enter- 
ing each tube is equal to 1.5 ft /sec. 

IX-7. Determine the heat absorbed by one square foot of a wall 1 ft thick ini- 
tially at 80 F after the surfaces have been exposed to air at a temperature of 180 F 
for 3.5 hours. A; = 6 B hr“i ft'^ F“^ /i = 12 B hr"! ft”^ T-\ Cp = 0.28 B 
and p = 150 Ibm ft""®. 

IX-8. For the conditions .given in Problem IX-7 calculate the temperatures al 
the center and surface of the wall. 
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CHAPTER X 

HEAT TRANSFER IN CONDENSING AND BOILING 

X-1 Change of Physical Properties in Changes of Phase 

When convection was dealt with in the former chapters, the assump- 
tion was made, although not explicitly stated, that the chemical com- 
position and the phase of the fluid under consideration remained 
unchanged. In this chapter cases wherein a change of phase takes 
place will be briefly considered. The treatment will be restricted to 
condensation and boiling, processes of far-reaching importance in 
mechanical and chemical engineering. In these processes a sudden 
change from the gaseous to the liquid phase or the reverse change 
occurs, and by this the density, viscosity, specific heat, and thermal 
conductivity of the fluid change and heat energy becomes free or is 
absorbed. It is obvious that these changes will exert a tremendous 
influence upon the heat transfer w-hich is connected with the process. 

X-2 Condensation 

Two types of condensation are knowm: one called drop wise, and the 
other film condensation. The former consists of the formation of 
drops on the cold surface which grow’ until removed from the surface 
under the influence of gravity and vapor friction. In filna condensation 
a thin layer of condensate covers the cooling surface, increases in thick- 
ness, and flow^s down and off under the influence of the same forces as 
mentioned above. 

In either type of condensation the heat of condensation w^hich be- 
comes free must be carried from the vapor to the cooling surface. 
Appl}dng Eq. 1-3, At is the temperature difference betw’een the vapor 
and the solid surface, and A is a film coeflicient of heat transfer w^hich, 
how’ever, only deserves this name for film condensation. Coefficients 
for dropwrise condensation are considerably higher than are those for 
film condensation. For steam the film coefficient for dropwise con- 
densation has been observ^ed to be fifteen to twenty times larger than 
for film condensation (Ref. X-1). This, how^ever, relates only to the 
individual heat transfer on the steam side. The overall coefficient wdll 
increase much less because according to Eq. IX-21 it is controlled by 
the smallest individual coefficient, which for this case w’ould be on the 

109 
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(Jondenhinc! and boiling 


K-i 


until twf disrdvantegr'hi b^erovorcome'^Tt'Ts*'”'' 
for condenser design work. It is a matter nf ■ + *^^®’^ted m ’ 

polished or rough, surface ' ^ condenses on a clean 

rr-- 

Wen both condeniZ 'c« 

W°S^rr:S “ d‘”™ “ “"‘'e-i.Z, ™ ” 

condensation, the mTIn footuw'of Sbilh^re !■“ ““*'1'’ “"I* 

A vapor condensino’ in o - Q^ie given as follows: 

Odder the Mu^roe of gravity C ™p“f WcBoZb f°™ “ 

VISCOUS forces of the liouid t. is retarded by the 

the fihn from the condensing vapor to 1 passes through 

conductivity of liquids is small the fhm . because the thenml 

rather great resistance to the Sw ^ h jS' and tT ~ “ 

temperature drop exists across the fiim ’ 

face of the film in contact with +k n • temperature of the sur- 

tb. Sinfaco «>. aimZcoZo »' **“ ™". - 

aaluradon tomporanire. By combi^ioZZ.” " lo be at ll« 

fluid and of heat conduction twZST T ‘T "< ‘ 

ing relation; Nusselt arrived at the follow- 


= (7 


[X-11 


\ifju • At) 

Whc„l„, naiag 

* " “'Xl^^fdc?S““ f' *”*“ 

; - x.izr““ ““ “ - 

*^hori.onta/ n ^ 

P, /*, and k = the density condensation occurs; 

ity of SSr thermal conduetw- 

c - 0,948 forvertic S^^* 

Thia cnaflon ic v.hd for arbit»rv ' f “**' 

rest, that is, no artificial means are practically at 

convection of condensing vapors se^£f ® 
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X-3] 


Example X-1. Determine the heat transfer coeiaacient for steam at 142 F 
condensing on the outside of a horizontal 1-in. diameter cylinder at 138 F. 

Solutio7i: According to the steam tables (Hef . VIII-2) and Tables II-2 and 
VT— 1, the physical properties taken at the average temperature of 140 F are 


y = 61.3 Ib/ft^ corresponding to p 


“ ^ ^ slug/ft*, 


I = 1014 B/lb or I = 1014(32.2) = 32,600 B/slug, 
k = 0.377 B hr-i ft-i 

M = 2.73(10-®) lb ft-2 hr or = 2.73(10“®) (3600)® 
= 0.0354 slug hr-i. 

By substitution in Eq. X~1 

A = 0 725 r (418)10^(1.90)^ 32, 600(0.377) 

_ (1/12) 0.0354(142 - 138) J 

= 0.725(3865) = 2800 B hr-^ ft'^ 


X-3 Boiling 

A glance into a kettle of boiling water shows that boiling is a process 
of heat transfer by pronounced convection. Until recently, very little 
was known as to the actual nature of this process, not\\ithstanding the 
fact that engineers have been designing and constmcting boilers for 
more than a hundred years. There are two kinds of vaporization 
analogous to the two t 3 "pes of condensation, the one is called film boiling, 
the other nuclear boiling. The former corresponds to film condensa- 
tion, but usually does not occur in practice. It is obsen^ed when heating 
is so intense that a vapor laj’-er is formed on the heating surface. Such 
a layer, owing to the low heat conducthity of gases, forms a resistance 
to the heat flow, and by this the temperature of the heating surface 
increases rapidly. At times, this type of boiling becomes dangerous. 
The phenomenon of ivater drops dancing on a ver}*- hot plate without 
evaporating is due to this film effect. 

The usual kind of vaporization is nuclear boiling, that is, boiling w’hich 
starts from nuclei, tin^^ cells of vaporization, such as air bubbles which 
were dissolved in the liquid or absorbed on the heating surface before 
the heating took place. Such gas cells generally^ originate on the small 
natural roughnesses of heating surfaces, and for this reason boiling alway^s 
begins on these surfaces. 

Investigations of M. Jakob, performed in the last decade with differ- 
ent co-workers (Ref. X-3 and 4), have revealed the mechanism of 
nuclear boiling as follows. 
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From the solid heating surface (he Iu.mi 
conyeotion to the liquid in contact with th‘a f 1 

liquid to the surface of the tiny bubbles which h, ' 
face. At the bubble sui-faces^more lioihrl ; s® 

heat flow, and the bubble grows unS t it^r'''^'^ by the incomin 
off from the surface and rLs^. in ll d Z 
evaporation takes place on the bubble siuf-u.e- ii'- mo, 

and finaOy blows up at the kivci which sc-nm-ites 
vapor space above it. lliis nuKdruhs.e hquid from ti 

differences exist by which the heat is /h temperatun 
indeed Jakob-S ex^,™ *” 

boiling liquid is always slightly higher than the . ' ^mporature of , 
which exists inside the vapor bubbles ..ml i •"; temperate, 

di™, the beetin, -neL^tt^r. ** 

As a consequence of the fact fh^i • 

generally makes a detour from the heat-' ^ boiling liquid 

the vapor bubbles, the experimenta, ^^il t ™ *» 

las which are identical wit^t^naf i u f by fomu- 

for free convection ^ ^ 

up to a certain limit which is at (GrKPr) ~ to to" Z 

limit the movement of the vapor bubbles L Z * 
compared to the convection between +L 1 ^ secondary influence as 

Above this limit the columns of ,•• ■■ ® and the liquid, 

stirrers and forced convection takes bubbles act like liquid 

transfer and vapmSS ^ more intensive heat 

So™ oi .b. ™?e t 

Denoting the rate of heat flo«, n„,. x. • 7, 


unit 


Denoting the rate of heat flow n \ \ ound in Ref. X-3, 5, 6, and 7. 

lit value of this magnLde by T" = 'i ZZ 
lowing formulas are recommended fo H ® 

pheric pressure under free con ^ boiling at standard atmos- 

equations the unS; ferrarfB^-il^^^ I- of these 

Bhr-4-”“ - wide vessels up to = 6000 


from g = 6000 to 76,000 B hr~^ ft"®; 

2" \ 3/4 

V 






For the inside of vertical tubes; 

At = 1.25 A* 


[X-2] 

lX-3] : 
[X-4I ^ 
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For vertical heating surfaces in wdde vessels up to = 1000 
B hr"^ ft“^: 

/a"' 

from g" = 1000 to 20,000 B hr"^ ft“^: 


hv = 0 , 


// \ 3/4 
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The influence of pressure p can be considered approximately by using 
the foimula 


h 



[X-7] 


wherein the subscript s relates to standard atmospheric conditions.* 

It ma 3 " seem strange that in the above equations q' is divided b}^ a 
magnitude go" which is equal to 1. This was done to retain the dimen- 
sional soundness of the equations. is independent of the sys- 

tem of units used. Therefore, the constant factor of the equations, 
for instance, 50 in Eq. X-5, is the value of the coefficient h for g" = 
go" = 1 B hr“^ ft“^. This formal statement, however, does not mean 
that the equation is valid down to q'' — 1. 


If it is desired to convert the equation into metric units, it is only 
necessary to convert the constant factor into kcal hr””^ m ^ C ^ and 
to convert g" and go" to kcal hr~^ m~^ units, so that Eq. X-5 becomes 


hjT) — 


50 

0.205 




[X-8] 


in the metric system. Using — 50 (g")^^® instead of Eq. X-5 and 
then simply converting and g" into metric units w^ould lead to 
erroneous results as can easily be checked. 


* Eqs. X— 2 , 5, and 6 have been set up by M. Jakob based on unpublished correla- 
tions of his own and some other experiments (see Ref. X-3 and 4), particularly those 
of Insinger and BHss (Ref. X- 6 ). Equation X-3 has been given by Fritz (Ref. X-S) 
and is based on experiments of Jakob and Fritz, and Jakob and Linke. Equation 
X-4 is a rough estimate by Jakob (Ref. X-5). According to the latter paper, the 
influence of pressure from p = l.S to p = 14.7 Ib/sq in. could be considered approxi- 

J between 

Equation X-7 is due 


mately by multipl 3 dng h for atmospheric pressure pa vdth ( — ^ 


p = 14.7 and p = 226 Ib/sq in. by multiplying with 




to Bonilla and Perry (Ref. X-7). The exponent 3^4 in their equation is just the mean 
of the exponents and 
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Because 

q" = h{M) IX-9] 

by definition where M is the temperature difference between the heating 
surface and the boiling liquid, it is easy to express h as a function of 
instead of as has been done in Eqs. X-“2 to 8. 

PROBLEMS 

X-1. Compute the heat transfer coeflicient for steam at 160 F condensing on the 1 
outside of a horizontal 3~in. diameter cylitid<;r at 154 h\ ; 

X'-2. Determine the heat transfer coefficiinit for steam at 142 F condensing on a 
vertical plate 6 in. high at 138 F. ; 

X-S, Calculate the approximate time required to condense 500 lb of steam at 
150 F on a horizontal cylinder 1 in. in diameter and 3 ft king at 144 F. j 

X-4. Determine the value of the heat transfer coefficient h in kcal hr"“^ m~^ G~^ I 
units for steam condensing at 95 C on a horizontal pipe 4 cm in diameter. Assume 
that the temperature ditference is 10 C. 

X“5. If the rate of heat input to the liorizorital surface of an apparatus used for » 
evaporating water under standard atmospheric cjonditions, is 2800 B hr~^ ft~“, j 
calculate the heat transfer coefficient. 1 

X--6. Solve Problem X~5 if the heat input had been 60,000 B hr""^ ft“^. ? 

X-7. The heat input based on the outer surface area of a vortical thin wall pipe i 
2 in. in diameter is 3000 B/hr for 5 ft of pipe. If water flowing slowly through the ; 
tube is being evaporated under standard atmospheric conditions, estimate the heat ; 
transfer coefficient for the boiling liquid. ■ 

X-8. Calculate the heat transfer coefficient between a vertical plate and water 
boiling at standard atmospheric pressure if the heat input is 600 B hr""^ ft~^. 

X~9. The heat input to a vertical wall of a device for boiling water is 15,000 
B hr“^ ft”"^. If the pressure in the apparatus is five atmospheres absolute, calculate 
the approximate heat transfer coefficient between the wall and the boiling liquid. 

X— 10. If the heat transfer coefficient between a vertical plate and boiling water 
is 500 B hr""^ ft~^ F”^, estimate the rate of heat input to the plate, assuming standard 
atmospheric conditions. 

X— 11. Calculate the heat transfer coefficient in metric units between a vertical 
tube and boiling water if the rate of heat input is 8000 kcal hr”^ assuming 
standard atmospheric conditions. 
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THE CONCEPT OF A PEKFECT BLACK BODY 

TABLE XI-1 
Electro-Magxetic Waves 
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Name 

Cosmic rays 
Gamma rays 
X rays 

Ultraviolet rays 
Visible or light rays 
Infrared or heat rays 
Radio 

*1 micron = ICH* meter. 


Wavelength Range 
in Microns* 
up to 1(10“®) 

1(10“®) to 140(10“®) 
6(10“®) to 100,000(10“®) 
0.014 to 0.4 
0.4 to 0.8 
0.8 to 400 

10(10®) to 30,000(10®) 


XI-2 The Concept of a Perfect Black Body 

WTien radiant energy- falls on a body, part nia}’’ be absorbed, part 
reflected, and the remainder transmitted through the body. In mathe- 
matical form, 


where a = absorptivity or the fraction of the total energj^ absorbed, 
p = reflectivity or the fraction of the total energy reflected, 

T = transmissivity or the fraction of the total energy transmitted 
through the body. 

For the majority of opaque solid materials encountered in engineer- 
ing, except for extremely thin layers, practically none of the radiant 
energy is transmitted through the body. If the discussion is limited to 
opaque bodies Eq. XI-1 becomes 

« +• P == 1 P^I-2] 

An arrangement which will absorb all the radiant energy^ at all wave- 
lengths and reflect none is called a perfect black body^ Actually no 
material with a = 1 and p = 0 exists. Ewn the blackest surfaces 
occurring in nature still have a reflecthnty of about 1 per cent (p = 0.01 ). 
The physicist G. Kirchhoff, however, conceived the folioving possi- 
bility of making a practically^ perfect black body^ If a hollow body^ is 
provided with only one veiy small opening, and is held at uniform 
temperature, then any beam of radiation entering by the hole is partly^ 
absorbed, and partly reflected inside. The reflected radiation ^dll not 
find the outlet, but \\ill fall again on the inside wall. There it will be 
only partly reflected and so on. By such a sequence of reflections the 
entering radiation will be w’eakened so much that almost no part of it 
will leave the hole. Thus the area of the hole is like a perfectly p^b- 
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sorbing surface, and an arrangcanont. of this kind will act just as a perfect 
black body. It may be considered a measure by which the absorptivity 
of any substances may be determined. 

XI-”3 Planck’s Law of Monochromatic Radiation of a Black Body 

All substances emit radiation, the quality and quantity depending 
upon the absolute temperature* and the properties of the material com- 
posing the radiating body. 



Wave Length in microns 

<1 micron =10”^ cm) 

Fig. XI— 1. Monochromatic intensity of radiation for a black body at various absolute 
temperatures (Planck^s law). 

* As far as radiation depends on the temperature of the radiating body, it is called 
temperature radiation. There are other kinds of radiation which, however, are not 
of the general importance of temperature radiation and, therefore, will not be dealt 
with in this book. 
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The total radi^ant ener^ emitted by a surface per unit area per unit 
time will be called the total density of emission and denoted by the 
sj^bol E It can be considered as an integral of differential values 
dEx, accordmg to the equation ’ 


f 


~ A = U 

taken over the whole range of wavelengths from X = 0 to X = =o Bv 
this equation_ another magnitude, h, is defined which is called the 
monochromatic mtensity of radiation, the subscript relating to the 
y aielength X of the ra^ation. For a black body, the respective svm- 
bols are Ei and hx- The latter magnitude depends on the temperature 
of the radiatmg surface and the wavelength of radiation according to 
Ptock s law of monochromatic radiation. This is represented graphi- 
cally in Fig. XI 1, -with the wavelengths as abscissas and the absolute 
temperature as parameter of the single curries. Sj and It\ are con- 
nected by the relation 


The areas between the curves and the axis of abscissas from X = 0 to 
X = M give the respective total flux densities Eb in [10“^ watt cm“-l. 

It may be mentioned that a few gases such as carbon dioxide and 
steam in thick layers radiate like a black body, but not at all wave- 
lengths, as shown in Fig. XI-1, but only in some narrow wavelength 
intervals, called bands of gas radiation. The treatment of gas radiation 
is beyond the scope of this text. 

XI-4 Kirchhoff’s Law of Radiation 

In order to develop a relation between the emissive a£d absorptive 
power of a surface, first consider a large heated enclosure wherein the 
radiation is between X -|- dX and X. After the eqmlibrium temperature 
has been established, it is permissible to assume that the black body 
condition exists within the enclosure. A second bodj’, having the 
absorpthdty ocx and emitting radiation with the intensity /x, is placed 
within the cavity of the large body, men the equilibrium’ condition 
has been reestablished, the amount of energj' absorbed by the stvrII 
body will be equal to the energy emitted in the same time. Let dq 
represent the rate of energy at wavelength X striking the enclosed body. 
The rate of, absorbed energy will be equal to a\ ■ dq. By definition the 
rate of emitted energy will be equal to Aj/x ■ dX where Ai is the area of 
the enclosed body. Since the twm rates of energj- are equal 

ax- dq = Ailx dX 


[XI^] 
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1XI-4«1 
lXl-6! ' 

surface, by the definition : 

KHl ' 

it follows that 

= «x lXI-71 

Any one of the last three relations represents Kirchhoff^s law. Ex* 
pressed in words, Eq. XI-5 means that the rate of radiant energy, wMcli 
is emitted by a surface at any temperature and in a small range of wave- 
lengths, is found from the known rate of energy which, under the same : 
conditions, would be emitted from a black surface, by multiplying witt | 
the absorptivity. ! 

Because the absorptivity, according to Eq. XI-2, must lie between ( 
0 and 1, it is apparent that a black body is the best emitter of energy. ; 
Equation XI-7 further shows that a good emitter is also a good absorber j 
and that emissivity and absorptivity are identical properties of a surface. ’ 
By integrating Eqs. XI~4 and 4a over the whole range of wavelength I 
X = 0 to \ = oo j and considering Eqs. XI-3 and 3a, it is easily seen 
that Kirchhoff’s law holds for the total radiation as well as for mono- 
chromatic radiation. In terms of total radiation it is usually expressed 
in one of the following forms: 


For a black body this equation would become 

1 • dq — Ailhx d\ 

From Eqs. XI-4 and 4a 

Ix = 

Introducing a new term, the emissivity of a 

/x 


hx 


€X 


€ == a [XI”7al 

Since perfectly black substances are not attainable in engineering i 
practice, the equation established for black body radiation must be | 
modified if other bodies are to be considered. For convenience the S 
emissive power of an ordinary opaque body will be referred to that of a | 
black body by the emissivity e. 

XI~6 Stefan-Boltzmami’s Law of Total Radiation ! 

In 1879 J. Stefan concluded from experimental data that the total | 
energy emitted by a black body is proportional to the fourth power oi ' 
the absolute temperature of the body. Five years later L. Boltzmann . 
derived the same law from a theoretical thermodynamic standpoint. ; 
It likewise can be derived from Planck's law by integration or by ] 
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THE EMISSIVITY OF DIFFERENT BODIES 

metering the areas below the curves in Fig. XI-1 from X = 0 up to 
X = =o . In honor of its discoverers the law has been caUed the Stefan- 
Boltzmann law. It may be written either in the form 

Ei = cT* 

or by 

Qb = 

where A = the radiating area 

T = the absolute temperature and 
a- == Stefan-Boltzmann’s natural constant 

In British technical units, according to the best known measurements, 

= 0.174(10"^) B hr-i ft-2 R-4 
For convenience Eq. XI~9 may be written as 


m~s] 

[XI~9] 


[XI-10] 

Using this presents the advantage that the term raised to the fourth 
power gives relatively low figures in numerical calculations. Equations 
XI-8, 9, and 10 hold for black surfaces onty. 

If the emissivity of a body can be considered as independent of the 
wavelength and temperature, which fortunately is approximately true 
for most non-metallic surfaces in the ordinary’ temperature range, the 
body is called a gray radiator. For this kind of radiator, instead of 
Eq. XI-9, the follovdng generalization of Stefan-Boltzmann's law can 
be used 

gg = (g<7AT* [XI-11] 

where subscript g means gray radiator and eg is the emissi^dty of the gray 
surface. Still more general is the form 

g- = pa-12] 

This formul^has been mentioned in Chapter I as Eq. 1-4. It can 
be used for surfaces; e, however, will not be a constant but a func- 
tion of T in the general case. 

XI-6 The Emissivity or Absorptivity of Different Bodies 

The emissivity or absorptivity of a bod^^ has an importance in radi- 
ation similar to that of heat conductivity in' conduction. They are 
factors of proportionality in the basic Eqs. 1—4 and 1 respectively. 

Generally, it is difficult if n^ impossible to estimate or indicate the 
emissivity of a surface with aiRccuracy of a few per cent because the 
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emissivity depends to some extent on the behavior of the surface, par 
ticularly as far as metallic surfaces are concerned. 

The emissivity of non-metallic bodies docs not vary much at ordinarj 
temperatures. Some approximate values arc given in Table XI-2, 

TABT.E XI 2 


Emissivity e op Non-Metallio Bodies at Okdinauy Tempeeattires 


Materials 

e 

Iron oxide, carbon, oil 

0.80 

Rubber (gray, soft), wood (planed), pap(ir 

0.85 to 0.90 

Roofing paper, enamel, lacquer, porcelain (glassed) 1 

Fused quartz (rough), brick (red, rough) ?■ 

0.91 to 0.94; 

Marble (gray, polished), glass (smooth) J 

Asbestos slate (rough), lampblack-waterglass, water 

0.95 to 0.99 


It is seen that smooth and rough surfac'cs (like polished marble and 
rough brick) have almost the same emissivity, and that ice and water 
are close to black body conditions, as is lampblack. This, however, 
holds only for low-temperature radiation. According to Fig. XI-1 tlie 
maximum of intensity of radiation shifts to greater wavelengths with 
decreasing temperature. Thus radiation at low temperature is mainly 
long-wave radiation. If short-wave radiation, like that of the snn, 
strikes ice or a white surface the absorptivity is much smaller than when 

TABLE XI-3 

Emissivity « of Polished Metallic Surfaces 


Metal 

100 F 

Temperature" 

500 F 

lOOOF 

Aluminum 

0.04 

0.05 

0.08 

Copper 

0.04 

0.05 

0.08 

Gold 

0.02 

0.02 

^ 0.03 

Silver 

0.01 

0.02 

“ 0.03 

Steel 

0.07 

0.10 

0.14 


it hits a black surface. The good reflection of sunlight by ice or white 
fabrics is well known. It is less well known that the reflection of the 
same bodies is very small for long-wave radiation. So, if a quantity 
of soil is mixed with lampblack and another is mixed with chalk, it may 
be found that the black soil will be 10 to 12 F warmer than the white 
soil when exposed to the radiant energ^fcf the sun. After sunset, how- 
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ever, white soil will cool as fast as black soil if the issuing temperature 
is the same, indicating that there is no appreciable difference in the 
radiating properties of black or white soil for long-wave radiation. 

Metallic smooth surfaces emit very little radiation at ordinary- temper- 
ature, and the emissmty increases moderately at higher temperature 
A few values are given in Table XI-3. 

However, v^en the surfaces are oxidi25ed, i.e., covered with a chemi- 
cals^ non-metallic layer, the emissivity increases enormously. 

For instance, heavily oxidized aluminum may have e = 0.85 at 100 F 
and € ~ 0.50 at 1000 F; black oxidized copper or cast iron with cast 
skin or oxidized steel may have 6 « 0.80 at ordinal^- temperature. 

XI-7 Heat Exchange by Radiation Between Large Parallel Black 
Planes 

Thus far, emission or absorption of a surface has been discussed 
without considering its exchange of radiation energy^ with other sur- 
faces. ^ In practical cases, howwer, there is alw^ays such an exchange, 
and this often complicates the situation veiy much. 

The reason one feels w^arm when standing in front of an open fireplace 
is because the fireplace radiates more energ;^^ to the body than the body 
radiates to the fireplace. Engineering problems of radiation must be 
dealt with in a similar way. 

Consider, for instance, tw^o large parallel planes. It may be assumed 
that the surfaces are perfectly black and so large that the influence of 
the edges will be negligible, that is, as though the areas were infinitely 
large. Then obviously all the energj^ radiated by one plane will be 
received by the other. If the absolute temperature of the warmer plane 
is Ti, then the rate of energy emitted per unit area is 

= 

Likewise, the rate of energy emitted by the colder plane at absolute 
temperature T 2 is 

Eh2 — 

Since all the energy received by either plane is completely absorbed, the 
net interchange between the two surfaces is 

ffis" = Eii - Eb2 = - Tz*) [XI-13] 

As foimerly, q means the rate of heat flow", and the double prime sign 
indicates that unit areas are considered, w-hereas the double subscript 
(12) relates to the net heat exchange between the surfaces 1 and 2 and 
the direction of the heat flow from 1 to 2. 
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Example XI- 1. Calculate the net radiant interchange between unit area? 
of two parallel perfectly black planes, infinite in extent, at temperatures o! 
800 F and 1200 F respectively. 

Solution: 

Ti - 460 H- 1200 = 1660 R T 2 ==^460 + 800 = 1260 E 
Substituting in Eq. XI-13 gives 

= 8,850 B hr-’^ ff^ 

XI-8 Heat Exchange by Radiation Between Large Parallel Planes of 
Different Emissivity 

The rate of energy emitted by unit area of plane 1 at absolute 
temperature Ti and emissivity ei is Ei — eio-Tj^. Of this energy the 
part € 2 Ei — € 2 €i<rT'i^ will be absorbed by plane 2 . The diference 
— € 2^1 represents the amount reflected by 2 since the transmissivity 
r is assumed to be zero. Part of the energy reflected from plane 2 vill 
be absorbed at plane 1 and the remainder i-eflected back to plane 2 and 
so on. By similar reasoning the density of radiation E 2 = € 20 -^ 2 ^ may 
be traced through the various absorptions and reflections (Ref. XI- 1 ), 
The rates of all amounts of energy emitted or reflected minus those 
absorbed per unit area by plane 1 may be represented by the series: 

(I12'' = €io-Ti^[l — €1(1 — €2) — €1(1 — € 2)(1 — €l)(l — €2) 

- 6x(l - e 2 )(l - 6 i)2(1 ^ 62 )^ ] 

— € 20 'T 2 '^[€i + €i (1 — €i)(l — 62 ) + €l (1 — €x)^(l — € 2 )^ -}-•••] 
or introducing the symbol 

> 2 ; = (1 — ei)(l — € 2 ) [XI-141 

to" - - €i(l - €2) - €i(l - €2)^ - et a - ] 

— e 2 <TT 2 ^l^i *4" €iZ^ [XI~15] 

But because z < 1, 

1 + z + z^ +z^ — 

1 — z 

Substituting this in Eq. XI-~15 
qxz" = 
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RADIATION BETWEEN A BODY AND ENCLOSURE 
Resubstituting a from Eq. XI-14 and simplifying 

?i2" = 3 [XI-15a] 

- + 1 

^1 €2 

This is the net heat exchange between the planes because it is the excess 
of emission and reflection of plane 1 above its absorption. 

Example XI-2. Calculate the net radiant interchange per square foot for 
two very large planes at temperatures of 1000 F and 600 F respectively. As- 
sume that the emissiwty of the hot plane is 0.9 and for the cold plane *0.7*. 
Solution: 

Ti = 460 + 1000 = 1460 R 
T2 = 460 + 600 = 1060 R 
According to Eq. XI-15a 

= _ iQ 04) ^ 3710 B hr~i ft”2 


XI-9. Heat Exchange by Radiation Between an Enclosed Body and the 
Enclosure. 

The radiant interchange between a body 1 having a complete convex 
surface and a concave surface 2 which surrounds it may be determined b^" 
the following relation, derived first by C. Christiansen in 1883; 


qi2 = <yAdTi^ - 




[XI- 16 ] 


In this relation the subscript 1 refers to the enclosed body and 2 to 
the enclosing surface. Ai and A^ are the respective surface areas. 


Example XI-3. Pentane at —221 F is to be stored in the inner of tw^o 
concentric polished brass spheres 9 in. and 12 in. in diameter respectively. If 
the emissivity of the polished brass is 0.03, calculate the total radiant heat in- 
terchange between the spheres. Neglect the temperature drop through the 
metal and assume that the outer sphere metal temperature is 70 F. 

Solution: 

A I = 4irri2 — 4^r ft” 

A 2 = 47rr2“ = 47r = 3-14 ft- 

Ti - 460 - 221 = 239 R 

T 2 - 460 + 70 = 530 R 
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912 = (0.174)1.77(2.39^ - 5 30^) _ 

-i.. 1 

--4.S,B/hr 


(o.03 


Assuming that the area A., nf fl.s t, ■ , 

th. ama A, „, a,, ondasotl body, E„. X.do shnSto”"'’"^ * 
9.s-..aA.(3V-7it, 

Example XI--4 A 9 *aJ* i • 

in which the surroundingeVo ^ through a room 

the pipe metal is 0.8, calculate the St • T 

length of pipe. mtei change of radiant energy per foot 

Solution : 

Ti = 460 + 300 = 760 R; T, = 460 + 80 = 540R 
The surface area of one foot of 2-m. standard pipe is 
Ai = X2.375/12 = 0.624 ft^ 

912' = 0.8(0.174)0.624(7.64 _ 5.4^) = 216.5 B hr-ift-‘ 

The prime sign indicates that the result is given per unit length. 

except for^tem wlhdS cases are similar to Eq. XI-13 

A form of equation for all is^'^ ^ emissivities of the materials. 


9i2 — Feo-Ai(Tx 


- * '-A -ay [XI-181 

cer^ed. conditions m so far as the emissivities are con- 

area factor^E^ which^^coimt^ ^ configuration factor or 

one area ean^ 
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straight line which does not intercept either of the surfaces This 
situation IS commonly stated by.sai-ing that the two radiating surl 
faces do not see each other completely. Thus the general equation 

becomes 

Consider the two radiating areas dAi and dA^ in Fig. XI -2 at tempera- 
tures Ti and Ta- The net interchange of energy if black body con- 
ditions prevail is equal to the energy 
absorbed by dA 2 which represents a 
fraction of ail the energy radiated by 
dAi, minus the energy absorbed by dAi 
which represents a fraction of all the 
energy radiated by dA 2 . It may be 
shown that this net interchange of radi- 
ant energj^ is 

'cos - • cos < . dA 

dqi2 == X 

1 ^ - Ts*) [XI- 20 ] 

This follows from the fact that beat 
radiation like light follows the law of 
the inverse square of the distance. The .^v o 

of , by iotegrotta i. diffic.l, * 

lor complex cases. It is beyond the 

scope of this text to show the steps in the solution of the equation. 
For a particular case, however, the final solution will be presented. 

XI-12 Heat Exchange by Radiation Between Equal Parallel and 
Opposite Squares 

For this case Hottel (Ref. XI- 2 ) recommends the use of Eq. XI-19 
with = €162 when the areas are small compared to the distance 
apart, and with 



when the areas are close together. B 3 ^ integration of Eq. XI-20 Hottel 
has found values of Fa as given in Table XI-4 where Fa is represented 
as a function of the ratio of the square side S to the distance D. 
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table XI-4 

Opposite Squares 

/'’a 


D 


0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 
5.0 


0.07 

0.21 

0.32 

0.42 

0.49 

0.55 

0.59 

0.64 

0.06 

0.69 

0.72 

0.74 


Of Sdlh. “"r,"” ««” 0* * ff •! 

and roof temperatures are 2000 P nnr? ocated 10 It apart. The floor 

O.oTnd 

= A 2 =« 15(15) ~ 225 ft^ 

Ti 460 -f 2000 - 2460 R, and T 2 = 460 4- 600 = 1060 R 
€i€2 = 0.9(0.8) = 0.72 
1 

1 J = 0.735 

— H 1 

€l €2 

these values, Eq. Xl^g^becomes^ ^ 

212 = (0.17)0.73(0.32)225(24.6^ - 10.6^) 

~ 3,240,000 E/hr 

PROBLEMS 

absorptivity of r^ant energy strike a body having an 

body. the heat transmitted through the 

in a furnace door, E^theTmnaL^Md wuteid * t"** through a 2-iu. diameter opening 
spectively. Assume black body con^tW 1800 F 70 Fre- 

pipe (outside diameter ^ 2M F^wl? b wrought iron oxidized 

ture of which is raaintained at 76 F Passes through a room the tempera- 
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rf unpainted side of a house waU to 

the plaster SI e is 10 B hr ft , calculate the enussivity of the unpainted wall. 
Assume that the average surface temperatures of the unpainted side and the olastered 
side are 110 F and 90 F respectively. Emissivity of the plastered w^ equ “ 
XI 5. If the average rate of radiant energy received and absorbed at the earth’s 
surface on a clear ^ 300 B hr-i ft-=, calculate the approidmate temperature of 
the sun .^sume that 100 B hr ft - is absorbed by the earth’s atmosphere. As- 
sume that the radius of the sun and the distance between the sun and the earth are 
approximately 433,000 miles and 93,100,000 miles respectively. 

direct radiant heat transfer between two paraUel refractory 

surfaces 4 ft by 4 ft spaced 12 ft apart. Assume that the temperatures of the surfac^ 
are 600 F and 1200 F respectively. The emissivity values for the low 
peratures are 0.6 and 0.9 respectively. 

XI-7. Calculate the decrease in radiant heat loss per square foot of surface area 
through the waU of a house if two sheets of building paper are replaced by two sheets 
of aluminum foil. The surface temperatures of the air layer between the aluminum 
foils remain the same as they were with the paper, and are equal to 80 F and 0 F 
respectively, and the emissivity values for building paper and aluminum foil are 0 9 
and 0.08 respectively. 

XI-8. The value of the area under a 27 C curve in a figure to Fig XI-1 was 
found equal to 0.047 watts cm^l Calculate the Stefan-Boltzmann constant in terms 
of B, hr, ft, F abs ( = Rankine) units. 


XI 9. The walls of a furnace are made up of refractory lining (e = 0.8) separated 

by a 4-m. air space from an outer casing of firebrick (6 = 0 . 6 ). Calculate the radiant 

interchange across the air space if the l inin g and refractory temperatures are 2200 F 
and 1200 F respectively. 


XI-10. An oxidized pipe through which hot water flows at 200 F passes through 
a room at 70 F. Calculate the per cent reduction in radiant heat transmission based 
on the oxidized pipe loss, if the pipe is painted with aluminum paint. Assume that 
the emissivity values for the oxidized and painted surfaces are 0.79 and 0.30 respec- 
tively. 
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CHAPTER Xn 


HEAT TRANSFER BY THE COMBINED EFFECT OF 
CONDUCTION, CONVECTION, AND RADIATION 

XII~1 Heat Conduction in Series with Convection and Superimposed 
Radiation 

The combination of luuit transfer by (xmciiiclion and convection has 
been dealt with in C'hapte.r IX. The combination of these two modes 
of heat transfer together with radiation will now t)e considered. The 

analysis of such complex proh- 
so dace 2 hnns as the heat transfer within 

a furnace of a steam genera- 
ting unit, where conduction, 
(convection, and surface and 
gas radiation are all involved, 
would indeed be very diffi- 
cult. However, there are a 
few simple methods by which 
the influence of radiation to- 
gether with conduction and 
convection may be studied. 

Consider an insulated pipe 
of length L and cross-sectional 
area as shown in Fig. XIH. 
It will be assumed that the 
pipe is located in a room the average air and wall temperatures of 
which are equal to fe. Heat is conducted radially from surface 1 to 2 
according to the equation 



Fig. XII-1. Insulated pipe. 


In r 2 /ri 

The same amount of heat passing through the outer surface of the 
insulation is given up to the environment by natural convection and 
radiation. Fortunately radiation can be superimposed on the con- 
ductive and convective heat flow through a gas owing to its free passage 
through most gases. This means that the two kinds of heat transfer 
may be simply added as though they were like parallel electric currents. 

By referring to Fig. XII-1, the rate of heat flow from the surface -2 
to the air and the walls of the room is 

q = hcA 2 (t 2 — h) - 
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where he is the coefficient of heat transfer due to convection. • The 
s^nnbols in the last term on the right-hand side of the equation are the 
same as those used in Eq. XI-19. From Eqs. XII-1 and 2, equating 
and substituting the numerical value of a, the following is obtained. 

k^tirLiti — ^ 2 ) 

^ In r 2 /ri 


= hcA2it2 - h) + 0.174 F^F.4^ 




[XII-S] 


Xn-2 Combined Coefficients of Convection and Radiation 

It is convenient at times to replace the usual radiation equation 
(Eq. XI-19) by an equivalent relation of the following form; 

Qr = hrA2{h ~ h) [XII-4] 

In this equation hr is defined as a coefficient of radiation. Com- 
parison of Eqs. XI-19 and XII-4 shows that 

hr = FeFacCTi^ + T 2 ^) (Ti -f T 2 ) [XII-5] 

Substituting qr from Eq. XII-4 in Eq. XII-3: 


k 2x1/ (^1 ~ 
In r 2 /ri 


= hcA2(t2 — ts) A- hrA2(t2 


Simplifying 


k 2'irL{ti — 
In T 2 /ri 


— {he + hr)A2{t2 — tz) 


[XII-6] 


In this relation the quantity {he + hr) represents a combination of the 
convection and radiation coefficients. 

Combined coefficients may be taken from Table XII-1. 


TABLE XII-1 

Heat Transfee from Horizontal Tubes to Still Air at Ordinary 
Room Temperature 


Combined coefficients (/jc 4- ^r) in B br ^ ft - F”"^ 


Outer Temperature Difference Af[F] 

Diameter 1 I i i I I I 1 f ' ! i 

D, Inches 50 | 100 1 150 1 200 1 250 | 300 1 350 1 400 1 450 | 500 ; 550 | 600 ; 650 1 700 


1.3 |2. 26 2. 50I2. 73 3. 00 3. 29:3. 60;3.95|4. 3414.73:5. 16l5. 60j6.05i6- 5l|6. 98 

3.5 |2.05 2.25i2.47 2.73 3.00[3.3i:3.69l4.03|4.43|4.85|5.26i5.7l 6.19!6.66 

5 6 1.952. 1512. 362. 612. 90j3.20|3.54j3. 90:4. 30' 

10 75 1. 872.07,12. 2912.542. 8213. 12:3. 47;3. 84;. . 
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By means of this table McAdanas (Ref XTT— 
mental data of R. H. Heilman and L. B McMilhn 

..e taM. 

ms Heat Ws bom Bu, or Inaatoted Horiaaaw T«b«a 

n order to apply the equations used in C^hantor TIT v 
to know the surface temperature of the insulatS Oft! IT 
ture of a tube is known; for examole if 7 n,> v 'the tempera- 

of the fluid inside the tube but the fe, assumed equal to that 

insulation is unknown. For Estate 7r "I 
an insulation is to be calculated the i^idf^ t “'Citable thicknemof 
the air temperature of the Sm aJrthe 

Equation Xll-fl and Table XII -1 mav J-. Iniown temperatures, 

lems of this type. “ the solution of prob- 

sidf dt^i^etefi^ i iS nominafh*'®^* ^rom a 4-in. (out- 

insulation (k = 0.035 B hr-^ ft-i covered with 1 in. of 

of the room are 400 F and 70 F respective! ^ t«“Peratuies 

Solution: The actual outer diftmA+iaT- 
diameter of the insulation is 6.5 in. Fo/ 

XII~6 converts to * P^P© section 1 ft in length, Eq. 


q' ^ 1 ^ ^ - t 2 ) __ 

L In rsAi ~ ■+“ 27rr2(i2 ~ h) 


[xn-7] 


Solving for the combined coefficient 

Ac + Ar = ^ ^2) 

^ 2(^2 ~ ts) In r 2 /ri 

Substituting the given values: 

k. 9 ^52(400 

(l2 - 70) 

stituting gives, * surface temperature, (i, equal to 110 F and sub- 

Ac + hr = 2.56 B hr~‘ ft~2 F“i 
For A< = 110 - 70 = 40F and n - « « ■ 

kc + hr = 1.9. The disara-epmonf - ^°°°rding to Table XII-1, 

was too low. rgeement mdicates that the assumed temperature 

Assume next that = 120 F. Then, 

he + hr = 1.97 B hr~^ ft~® F~i 
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For — 120 — 70 — 50, Table XII-1 yields he + hr — 1.9. 
sumption that ~ 120 F is satisfactory, and from Eq. XII--7 

q' = 1.9(2ir) (120 - 70) = 162 B hr-i ft-i 


Thus the as- 


In the case that large temperature differences exist in the insulation 
it is sometimes necessary to select new thermal conductivity values as 
new surface temperatures are assumed. This, however, is only a matter 
of routine if charts are available which indicate the thermal conducti\dty 
of the material for various temperatures. 

^ Example XII-2.^ Calculate the heat loss from an uninsulated 2-m. nominal 
diameter (outside diameter = 2.375 in.) horizontal pipe at 400 P to the still 
air of a room at 70 F. 

Solution: For At = 400 - 70 = 330 F, Table XII-1 gives A. + A. = 3.67. 
Therefore, the heat loss per square foot of pipe is 

q" = 367(400 - 70) = 1210 B hr-‘ 

In the design of instilation the term insulation efficiency is often 
used. This is defined as the ratio of the heat saved by the insulation to 
the heat dissipated by the bare pipe. 

Example XII-3. The heat loss from’a bare pipe (1000 B hr-^ff^) was re- 
duced to 200 B hr-i ft-^ by adding insulation. Calculate the efficiency of the 
insulation. 

Solution: The bare pipe heat loss is 1000 B hr-i ft-h The rate of heat saved 
by the insulation is 1000 - 200 = 800 B hr-> ft-h Therefore, the so-caUed 
insulation efficiency is 800/1000 = 0.80 or SO per cent. 


Xn-4 Heat Transfer Through Air Spaces 

The combined action of thermal conduction, convection, and radi- 
ation is particularly interesting and important in air spaces. For 
instance, it must be considered thoroughly in the design of small frame 
buildings. The ideal case would exist if the convection and radiation 
were negligible compared with thermal conduction through the airspace. 
So, the comparison of the effect of convection and radiation with that 
of conduction is of considerable practical importance. 

Since free convection is governed hj the laws of friction, it is obvious 
that the convection will be smaller in narrow spaces than in wide ones. 
It has been found that the convection in vertical air lavers may be 
approximately determined by multiplying the value of the heat transfer 
by pure conduction with an augmentation factor of about 

li for |-in. thickness of the layer. 

If for 1-in. thickness of the lay^er, 

2J for 2-m. thickness of the layer, and 
7f for 5-in. thickness of the layer, 
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provided that th(^ toniporattirc difleroiiee across the layer is 10 F. The 
factors become larger with increasing temperature. From this it is 
seen how important it is for the heat insulation used in the walls and 
roofs of a building to have small air spaces. There is a lower limit 
however, in the design, since too many narrow air layers require much 
more building material whic^h has a higher thermal conductivity. 

In a frame wall of given total thickness, fewer and wider air spaces 
mean larger temperature diHerenc^e for- a single layer increasing the 
unfavorable effect. At the same time^, heat ti-ansfer by radiation like- 
wise increases. At an average temp(u-atiu-<^ of 80 F for instance and an 
air space 1 in. wide, the augmentation fa(‘.tor would l)e 2 instead of 
for convection alone; and for a 2-in. wide spat^e 3K instead of 234 . 

The influence of radiation can be reduc^ed by using surfaces of small 
emissivity. Aluminum foil has boon extensively used for this purpose. 
Even by lining only one of the radiating surfaces with aluminum foil, 
the influence of radiation will be gi*catly minimized. The effectiveness 
of the reflecting surfaces, however, is largely dependent upon the perma- 
nency of the surface to retain the reflective charactciistic. It is claimed 
that the emissivity of aluminum is changed only slightly by the action 
of air. 

Another means of decreasing the convection heat transfer is by 
reducing the pressure. This is done in the so-called Dewar vessels 
(thermos bottles), which are evacuated double- walled glass vessels. 
The radiation heat transfer is reduced to a very small amount by silver- 
ing the surfaces of the evacuated space. 

PROBLEMS 

XII-1. Determine the heat loss from a 6-in., nominal diameter (outside diameter 
= 6.625 in.) horizontal steam pipe 160 ft long covered with in. of insulation 
(k — 0.04 B lir“^ ft~^ if the pipe and still air temperatures are 500 F and 80 F 
respectively. 

XII— 2. Compute the heat loss per square foot of outer surface from a 4-in. nominal 
diameter (outside diameter — 4.5 in.) horizontal steel pipe at 400 F covered with M 
in. of insidation {k = 0.03 B hr“^ ft~^ F”^) to the still air of a room at 70 F. 

XII— 3. Calculate the heat loss per linear foot from a 4-in. nominal diameter 
(outside diameter — 4.5 in.) horizontal pipe covered with 1)4 in. of insulation A 
(kji = 0.056 B hr”"^ ft“^ F“^) which in turn is covered with 1 in. of insulation B 
(ks — 0.039 hr~^ ff"^ F~^). The pipe surface and still air temperatures are 800 F 
and 80 F respectively. 

XII-4. Calculate the heat loss from 200 ft of 3-in. nominal diameter (outside 
diameter = 3.5 in.) horizontal steel pipe at 300 F to the still air at 80 F. 

XII-5. Determine the efficiency of insulation for a 6-in. nominal diameter (out- 
side diameter = 6.625 in.) horizontal steel pipe covered with 1^ in. of insulation 
(k — 0.04 B hr~^ ft”^ F“^). The pipe and still air temperatures are 600 F and 80 F 
respectively. 
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XII-6. Compute the steam condensed per hour per linear foot of bare horizontal 
6-in. nominal diameter (outside diameter = 6.625 in.) pipe, if the steam and surround- 
ing air temperatures are 275 F and 75 F respectively. Assume that the metal tern- 
perature is the same as the steam temperature. 

XII-7. Calculate the efficiency of insulation for an 8-in. nominal diameter (out- 
side diameter = 8.625 in.) s^amj)ipe covered with in. of insulation A next to the 
pipe (kA = 0.052 B hr ^ f t ^ F and in. of outer insulation B (k^ = 0.041 
B hr"^ ft"^ F”^) if the pipe and still air temperatures are 850 F and 70 F respectively. 

XII-8. Calculate a combined natural convection and radiation coefficient for a 
12-in. nominal diameter (outside diameter = 12.75 in.) horizontal pipe at 300 F in 
contact with still air at 70 F by the laws of convection and radiation. Compare the 
calculated value with the one obtained by use of Table XII-1, 

XII~9, Calculate the natural convection and the radiant heat losses in per cent 
of the total loss from a 4-in. nominal diameter (outside diameter = 4.5 in.) horizontal 
pipe at 200 F to the still air of a room at 70 F. 

XII-10. Rework Problem XII-9 using a^pipe temperature of 500 F. Compare the 
results for the two problems. 
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EXPERIMENTAL DETERMINATION OF CONDUCTIVITES 
AND EMISSIVITIES 


XIII~1 Specific Properties of Matter 

In dealing with the laws of heat transfer and insulation and their 
applications, various physical properties were used such as density, 
viscosity, specific heat, thermal conductivity, and emissivity. Whereas 
the first three occur in different branches of science, the last two are 
specific for heat transfer and insulation alone. There are numerous 
experimental methods by which these properties can be determined, 
either as to their absolute values, or relative to known values of any 
standard materials. To give an idea of the procedure involved in suck 
tests, some of the simplest and more common methods will be briefly 
described. 


XIII-2 Measurement of the Thermal Conductivity of Metals 


For a determination of the thermal conductivity of a metal relative 
to another, two cylindrical bars of equal cross-sectional area A are 
soldered together end to end. One end of the composite specimen is 
attached to a heater and the other end to a cooling element. The cylin- 
drical surfaces are insulated against heat losses. Then heat energy at 
the same rate q flows through either of the rods. The temperature 
drop (AOi over a length Li of rod 1, and (AO 2 for a length L 2 of rod 2 
are measured by means of thermocouples. According to Eq. II-l 


q = kiA —t 


k2A 


(AO2 


[XIIH] 


where ki and ^2 are the thermal conductivities of the two materials, or 

h = [XIII-2] 

(AO2 Li 

No measurement of q is needed with this method. If the thermal 
conductivity ki of the metal of one rod is known, then the conductivity 
A 2 for the other rod may be determined from the temperature measure- 
ments and Eq. XIII-2. Practical arrangements are described for 
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instance in two research papers of the Bureau of Standards (Ref. XIII -1 

method has been used for determining the thermal 
conductivit3^ of various metals up to HOOF. 


xni 3 Measurenient of the Conductivity of Insulating and Building 
Materials ^ 

The most common method for the determination of the conductivity 
of insulating and building materials which are available in large plates 
is the so-called twin-plate method. It consists of placing a flat elec^ 
tncal heatmg plate H between two equal plates Pj, and Pa composed of 
the material to be tested. These three plates are then placed between 
two cooling plates Ci and (see Fig. XIII- 1 ). The heat energy pro- 
duced m H sphts into two equal parts. Half of the heat flows vertically 
upward through plate Pj and half downward through plate Pa. The 
cooling plates Ci and C2 usually are hollow bodies in which "cooling 
water or other liquids pass to and fro through the sections of the cooler. 
Temperatures are mea.sured by thermocouples arranged at the inter- 
faces of H and Pi, H and Pj, Pi and Cu Pa and C2. If the plates Pi 
and Pa are equal in thickness L, area A and thermal conductivity, and 
if the rate of heat energy q of the heater H is known by mpang of elec- 
trical measurements, then according to Eq. II-l 



L 


where M is the temperatui'e drop across either of the plates. If there 
are small differences, an average of At may be taken. 

From the edges of plates Pi and P2 heat energy- would be lost if they 
were in contact with the surrounding air. In order to avoid such losses, 
guard rings are used. In Fig. XIII -1 a heater H' similar in construc- 
tion to heater H, surrounds the latter. Plates Pi and P^ are sur- 
rounded by plates Pi and P2' which are constructed from the same 
material. If by appropriate regulation of the electric heating of 
the same temperature drop across Pi and P^ exists as across Pi and 
P2, then no heat energy flows from H to or from Pi to Pi or from 
P2 to P2 since no temperature differences exist which might drive heat 
across the vertical gap. On the outer edges of H', Pi and P^ heat 
will be lost which is produced by In order to reduce this as much 
as possible, the whole arrangement may be surrounded by a loose 
insulating material, such as diatomaceous earth. 

Instead of arranging special guard rings, a single heater as large as 
H and and test plates as large as Pi and Pi may be used. In this 
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case, however, particular care iiiuwt lx; taken to avoid errors; for 
instance, thermocouple; readings close; to the edge must not be used. 

Materials which are on the mark(;t in cylindrical shape, such as pipe 
insulation (see Figs. 1 1-4, 7, 9, and 1 1 ) arc generally tested in cylindrical 



Fig. XIII— 1. Twin-plate arrangement for determining the thermal conductivity of 
insulating and building materials. 

Cl, C2 Cooling plates Pi, Pa Plates of material to be tested 

H Electrical heating plate Pi', P2 Guard ring plates 

jet' Electrical ring heater 


form. A uniformly wound coil with a tube as a core serves as the 
electric heater, and a second tube is placed over this. The second tube 
is covered with the material to be tested. Thermocouples are arranged 
on the second tube and on the cylindrical outer surface of the material 
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to be tested. For this case, Eq. 111-0 for hollow cylinders must be 
applied m order to determine the value of k. Heat losses at the two 
ends of the cylindrical sections can be avoided by guard coils on the 
ends which eliminate heat loss in the axial direction. They correspond 
to the ring heater in the tivdn-plate deidee. The end heaters may be 
dispensed vnth if long tubes are used and the thermocouples are placed 
at a sufficient distance from the ends. 

Xin-4 Measurement of the Conductivity of Liquids and Gases 

The thermal conductivity of liquids and gases likewise can be deter- 
mined using either plane or cylindrical layers of the fluid. For instance 
the thermal conductivity of a liquid ma^^ be determined bv using an 
apparatus consisting of an upper heating disk and a lower cooling plate 
separated by a space of >^-in. or less which is filled udth the liquid. Xo 
heat transfer by convection will take place since the density of the fluid 
decreases from the lower to the upper surface. By measuring the heat 
input, the temperatures of the disks and the vertical distance of sepa- 
ration between the plates, the thennal conductivity^ of the liquid may 
be obtained by means of Eq. II-l. The upward and edge heat losses 
may be avoided by placing a '^^dde Dewar vessel (thermos bottle, see 
Sect. XII-4) over the apparatus. By this method part of the curve in 
Fig. II-2 was determined (Ref. XIII-3). 

The co-axial cylinder method consists of arranging a fine platinum 
wire at the axis of a metal tube m which is placed the liquid or gas 
under test. The apparatus is usually placed in a liquid bath in order 
to regulate the surroxmding temperature. The space between the 
inner surface of the tube and the surface of the vire fomis a hollow 
cylinder. The platinmn vdre serves as an electric heater and as a 
resistance thermometer.* Then, referring to Eq. III-6, the rate of 
heat energy^ q' and the temperature are measured electricallv. The 
temperature t 2 is practically^ equal to the temperature of the liquid bath. 
From these and measurements of the vdre diameter 2ri and the tube 
width 2 r 2 the thermal conducthdty of the liquid or gas may- be obtained 
from Eq. III-6. The influence of convection can be minimized by- using 
a narrow tube, or in the case of gases, by operating at low pressure 
(see Sect. XII-4). 

Xin-6 Measurement of Emissivities 

The accurate measurement of emissivities of materials is rather 
difiScult. Only’’ one of the simplest methods, used at room temperature 

* The principle of operation of the electric resistance thermometers is based on the 
well-defined relation between the change of the electric resistance of pure metals and 
the temperature. 
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(Ref. XIII-4), will be briefly described (see Fig. XlII-~2). Thebollow 
cylinder a with double walls for circulation of cooling water (inlet at t 
outlet with a mercury thermometer and a thermocouple at c) contains 
a total radiation receiver d as shown in Fig. XIII-3. The hollow 
vertical copper cylinder 1 is gold plated on the outside and blackened 
on the inside. The two extremely thin (;opper disks 2 and 3 are black- 



Fig. XIII-2. Device for relative 
measurement of emissivities at ordi- 
nary temperature. 

a Double wall container 
h Cooling water inlet 

c Cooling water outlet with thermometer and 
thermocouple 
d Radiation receiver 
e Thermocouple 

/ Disk of material to be tested, with thermo- 
couple in center. 



Fig. XIII-3. Radiation receiver d of 
the device represented in Fig. XIII-2. 

I Hollow copper cylinder 
2, 3 Fine copper disks 
4 Bismuth wire 
5, 6 Wires of bismuth-tin alloy 


ened on the side upon which falls the radiation from the outside. These 
disks which, receive the radiation through the equal angles <p are heated 
by the incoming radiation. The warming up of the disks is measured 
by a system of couples consisting of a fine bismuth wire 4 and two 
bismuth-tin alloy wires 5 and 6. Wires 4 and 5 and 4 and 6 constitute 
two equal thermocouples having a thermoelectric force of 61 microvolts 
per degree Fahrenheit, or three times as much as an equivalent copper- 
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constantan system of couples. The thermocouples are connected so as 
to oppose each other. In this way, the thermoelectric effects produced 
by the absorption of equal amounts of radiation received by 2 and 3 
cancel; for example, radiation from the copper cylinder 1 to the two 
thermocouples. Only the difference in radiation entering from above 
and below through the equal angles <p produces an effect. 

By referring to Fig. XIII-2, it is obidous that one of the two radi- 
ations comes from the disk /, the emissivity of which is desired, and 
the other comes from the inner blackened surface of the container a. 
The surface of container a is maintained at a constant temperature 
which is indicated by the thermocouple e. The radiation of f at a 
temperature which is measured by a thermocouple indicated in the 
figure, is compared with that from a black body at the same temperature 
by replacing / with a black body. If the galvanometer to which the 
thermocouple system d is connected is deflected b 3 - an angle with the 
black body at the opening and by 5^^ with the disk /at the same opening, 
then, aside from some corrections, the emissivity of the material of disk 
/ which w^as required is 
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HEAT TRANSFER IN TEMPERATURE MEASUREMENTS 

XIV-1 Heat Exchange, a Necessary Condition for Temperature 
Measurements 

It is more or less an accepted notion in engineering practice that 
temperature measurements can be made quite accurately. This has 
also been implied in the former chapters of this book. This so-called 
trust in temperature measurements is probably based on the high 
standards maintained by the thermometric industry and the avail- 
ability of very accurate industrial thermometric devices. Users of 
precision thermometric instruments often overlook the fact that accu- 
rate results are obtained only through the correct application and use 
of the devices, that is, the purchase, alone, of a good instrument does 
not assure correct temperature measurements. 

Thermometry is dependent upon heat exchange. When a mercury 
thermometer or a thermocouple is brought in contact with a solid or 
fluid the temperature of which is to be measured, the instrument is 
supposed to assume the temperature of the solid or fluid by conduction, 
convection, radiation, or a combination of two or more. A radiation 
pyrometer operates by means of the absorbed energy emitted by a sur- 
face toward which it is directed. It is a fact that conduction, con- 
vection, and radiation occur only when a temperature difference exists. 
Thus, theoretically, there is always a difference between the tempera- 
ture to be measured and that directly indicated by a thermometric 
device. It does not necessarily follow that this temperature "difference 
will be very small, 

XIV-2 Measurement of Surface Temperatures 

Surface temperatures are often measured by use of a thermocouple 
attached to the surface. If the lead wires are arranged so that they go 
directly from the surface in a perpendicular direction, the system is 
comparable to a bar cooled in air, as discussed in Sect. IX-2. Heat 
from the surface whose temperature is desired is conducted to the couple 
contact point, and is thence conducted along the wires and finally dis- 
sipated to the surrounding air. Since a temperature difference must 
exist when heat flows, that part of a body which is in direct contact 
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the thermocouple, will be cooler than neighboring parts of the body 
and, as a result the indicated temperature null be too low S 
error involved will be larger for bodies having small conductivity val4s 
since the heat conducted away by the lead wires will cause a greater 
temperature drop in the^body. Thermocouple experiments by H 

read 73 F if the pla,te used was cork, and 89 P if made of copper. WTien 
the joint of the thermocouple was arranged at the center of a thin 
copper disk and the disk in turn attached to the surface, the readings 
were 90 F for a cork plate and 94 F for a copper plate. The reason for 
the improvement was that the heat instead of coming from a tiny 
part of the surface was taken from the rather large area under the disk 
When the lead wires were laid on the surface of the disk, a distance of 
4 in., instead of being brought directly away from the surface the 
temperature indicated was 96 F for both the cork and copper plates 
From these results it is apparent that large temperature measuring 
errors may result if thermocouples are not properly placed on the sur- 
face of insulating materials. As a 
general rule, surface themiocouple 
lead wires should always be arranged 
so that they lie close to the surface 
for a distance of a few inches in 
order to reduce the error due to 
conduction of heat along the wires. 

XIV-3 Influence of Conduction and 
Convection on the Measurement 
of the Temperature of Flowing 
Gases 

The important case of a ther- 
mometer immersed in a flowing fluid 
can be studied by means of the 
analysis given in Sect. IX-2. The 
upper part of Fig. XIV-1 shows a 
thermocouple inserted mth the June- 

tion at the bottom of the well W XIV-I. Temperature distribution 

placed in a pipe through which a along a thermometer well, 

gas flows at constant velocity. 

The temperature of the gas is assumed higher than that of the pipe. 
The length of the well is denoted by Z, the cross-sectional area of its 
wall by A, and the circumference by C. The temperature distribution 
of the gas tg across the pipe section is shown in the lower part of the 
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figure. It may be assumed that L, is aonrovim-^+r^i 

introducing a large error. The temperature of Vhe 

from the pipe wall temperature to to the tcmneroti increase 

the well. If the thermocouple wims are h 

' -o w^rr^ 

sidellly We!" thlTe f^thiST ^ 

=r. 


Ql = Bo ■ 


+ (--’"n [IX-13] 

According to the definition, e = i, - t ft - , 4 h . 

negative. Thus, the error in the rLdine orihe c7 “ “ ““ 

well is oaamg of the thermocouple in the 


tL = (ta - !-„) 


^mL 


+ e 


> — m. L 


TThlTI) 


rial, and h can'^^^iictlated' frmn'Eq' VIII 

stants formerly given, the equation ^oomS con- 

(A-a)=0.3(Ee)0-n- [XIV-2] 

where (Vu)=^ and (&) = ^, and 

D = the outer diameter of the well 
V — the average velocitv, ) ’ 

k, = the thei-mal conductivity, of the gas. 
the kinematic viscosity 

Rimtioo MV-l sho™ that the themometrio emir inereae* with 

“ the' r SISS 
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As a rule, the temperatures of hot eases or vannrs i 

heated steam should never be measured in uninsul’ated piS ’ 

2. Make the well length L as great as possible. ^ ^ 

3. Mak© tile cross-sectional area A of nr, n 

6. Make A as larp as possible. This may be aeeomplished cWeflv 
by increasing the velocity. Thus, if a choice is possible the temper^r^e 
of the fluid should be measured where the velocity is high Wso 
called suction pyrometer (see Sect. XIV-4) is based nn ’+F 5 o vi 
From Eqs XIV-1 and 2 it may also be conJuL S an in^^^aJeTn 
the diameter D of the well will improve the results slightly. 


Convection and Radiation in the Measurement of 
the Temperature of Flowing Gases 


In measuring the temperature of hot gases floi^ing through ducts the 
influence of radiation from the well to the cold walls must be carefully 
considered. In tests performed at Purdue University (Ref. XIV-1 ) in 
order to determine the errors to be expected in the measurement of 

a indicated a temperature of 

about 775 F instead of the true gas temperature of 850 P. Bv plaeine 
the couple m a %-m. pipe and drawing a small part of the gas throueh 
the pipe by means of a steam ejector (suction pyrometer), this error v^s 
reduced considerably. 


Another method used for reducing the eiTor is to place the thermo- 
couple in a protecting metal shield which does not hinder the gas flow' 
but shields the thermocouple from radiation to the duct wall. The 
shield receives energy from the thermocouple by radiation and from the 
flowing gas by convection, and it radiates these energy’' amounts to the 
duct wall. This requires an appreciable temperature difference, and 
therefore the shield temperature is not much below that of the' gas. 
Thus the thermocouple must not give up much energy by radiation and 
its temperature remains close to that of the gas. This mpana the 
error in the temperature reading will be small. 

Consider what happens when the duct wall is not insulated and the 
other precautionary measures are not taken. Consider an element of 
the well W in Fig. XIV-1 close to the inner end where t = constant « II. 
The radiation of this element to the wall at temperature 'v^ill be con- 
sidered. Since the temperature of the w^eli element is assumed almost 
constant, heat flow by conduction from the inner end through the w’all 
of well W in the direction toward the pipe w^all is negligible. Therefore 
the heat delivered by convection from the gas to the well will be given 
up again only by radiation to the wall of the duct and, according to 



Mi HliiT XKAW»™ XN », 

Eq. XII- 2 , 


hA(fg — ti,) = 0.174 


mi 




[Xl?-3j 

iLfyLTin^f Iho^eU. totts'ct consideration at 

each side of the relation. If the duef is w' i ** ’. on 

the emissivity factor of the well .surface Tl ' ^ 

fer h may be found from Eq. XIV~2 ' ^ ooe/hciont of heat tranj. 

Example XIV-l Tn ^ • t 

tube is placed at right 

hou.sed in the tube indicates a teniporaturo of «)() 1'"' irtl 
perature equals 500 F, the average veIoc*it v 1 ^ 1/ ‘ i f 

of the gas is 0.04 Ib/ft'^ calcuEf^ fh,. n ' f ^ t/see, and the ^specific weight 

sume that the viscosity and thprrv i * temperature. As- 

0.02 B hr- ft- P- ^ "pectitr «■ ’«(!«-) lb ft- hr 

housing is assunied iqullTaS^ 

Tl = 460 + 800 = 1260 R, 

To ~ 460 4- 500 = 960 R 

M = 0.18(10-), 3000== .slug ft-i hr-' (See Sect. VI-2) 

0.04 , 

P = 5 ^ slug ft— (See Sect. 1-3) 

" = ^ = 0.1S(10-)36002|^ft2hi-i 


0.04 


Substituting in Eq. XIV-2: 


/^ 0.625 
0.02(12) 


0.3 1 


15(3600) 


0.625 

12 


0.18(10— )36002 — 


0.04 


lo.sr 


= 0.3(14S7)“-5’’ 


h = 7.44 B hr-i ft— p-i 
Substituting this in Eq. XIV-3 

and ~ = 0.174[12.6^ - 9.6^]0.8 

tg = 1113 F 

Moat, . 



147 


Xn--61 MEASUREMENT WITH RADIATION PYROMETERS 


XIV-5 Temperature Measurement with Radiation Pyrometers 

Whereas m ordinary thermometry practice radiation is onlv of interest 
as a source of erroi-s, high-temperature measurement is based almost 
entirely upon radiation. Only the main principles used in mdiation 
pyrometry will be mentioned here. 

The two types of radiation pyrometers are the optical pyrometer 
and the total radiation pjonmeter. 

Optical or selective radiation pyrometers are based on the change of 
intensity of radiation with temperature at a given wavelength For 
black radiators this is knonn exactly from Planck'*s law (see Fig XI-1 ) 
In this type of instrument the brightness of a glowing thread is com- 
paied with, the biightness of a surface the temperature of which is to 
be measured. The brightness of the thread is controlled by an electric 
current which heats the thread until its brightness is equal to that of 
the surface under examination. Observing the thread by a telescope 
dii ected at the surface under consideration enables the obseiwer to 
adjust the current so that the brightness of the two are equal, at which 
point the thread becomes invisible. A red filter is placed at the ocular 
of the pyrometer in order to produce monochromatic light. The device 
is calibrated by comparison with a black body. If the radiating surface 
the temperature of which is desired is not perfectly black, the tnie 
temperature may be found by use of the emissivitj- together with the 
law^s of radiation. 

A. total radiation device has been discussed previously iri the section 
dealing with the experimental determination of einissivities (Sect. 
XIII-5). The total radiation p;^nometer is based on the Stefan- 


Boltzmann law and it consists of an optical S 3 ’-stein w^hich is designed to 
collect radiant energy of all wavelengths and focus the energy- on a heat- 
sensitive element such as a thermocouple. The thermoelectric cuiTent 
originating from the heating up of the one junction of the thermocouple 
is a measure of the total radiation w^hich in turn is a measure of the 
temperature of the radiating surface. Because this t\^pe of p'V’Tometer 
measures the temperature objectively^, and not subjectively as the op- 
tical pyrometer, it is possible to indicate and record the reading of 
the instrument at any distance from the observed surface. For non- 
black body radiators the total radiation p; 3 Tometer is unsuited. It is 
most frequently used for measuring the temperature of furnaces, w^hich 
may be considered as approximately black radiators. 

For a complete discussion of errors, suitability of various instruments 
for different applications, and other information relative to temperature 
measurements, the reader is referred to the Power Test Codes of the 
American Society of Mechanical Engineers (Ref. XIY-2). 
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CHAPTER XV 

heat transfer and pressure drop 

of the Relation 


There are various relations between the laws of heat transmission 
tmd other phj^.cal laws. For instoce, the ratio of thermal and™ 
cal conductmty at a given temperature has the same value for ah ptm 
metals, toother enmnple is the dose analog,, of mass exchange by 
diffusion of vapors and gases to the convective heat transfer. 

In this chapter one of these analogies, which is most important for 
mechanical and chemical engmeermg, toU be dealt with briefly. It con- 
cerns Osborne Reynolds’ suggestion from the year 1874 (Ref XV-1 ") 
that momentum and heat in a fluid are transferred in the same way so 
that m geometrically similar systems, fluid friction and heat transfer 
should be proportional. This analogy is of particular interest for 
engineers because it prmits the predicting of heat transfer coefficients 
from friction data which can be obtained with less difficulty from experi- 
ments than heat transfer data. It further sets the conditions of an 
economical optimum in design for the following reasons. 

^ As has been shown in Chapter VIII, heat transfer generally can be 
improyed by increasing the speed of the fluids inyolved. On the other 
hand the pressure drop of fluids which stream m conducts increases with 
yelocity. This means that more power is required for pumping the 
fluids through a heat exchanger. Therefore, the investment costs for 
blowers or pumps and the current costs of pumping power become 
greater, and eventually may offset the economies resulting from the 
reduction of the heating surface which is possible if higher velocities are 
used. Therefore, a compromise has to be found between the require- 
ment of high velocity from the heat transfer mew and the necessity of 
not too high velocity in order to keep the costs of overcoming the pressure 
drop within reasonable limits. 

Some excellent presentations and modifications of Re3moIds’ analog 
have been published recently which, however, use more mathematics 
and fluid mechanics than can be required in this text. Therefore a 
simpler, though theoretically not so strongly founded way will be 
followed which has been indicated by VTiite (Ref. XV-2). 
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HEAT TRANSFER AND PRESSURE DROP 


XV-2 Basic Idea of Reynolds’ Analogy 

Reynolds’ reasoning was, that from a molecular viewpoint fluid friction 
and heat conduction obey the same law of motion. If two neighboring 
layers in a gas moving along a plane wall have different velocity, then 
in the course of molecular motion, molecules of the faster layer pass to 
the slower one and are retarded there, whereas molecules of the slower 
layer come into the faster layer and arc accelerated. By this inter- 
change of molecules, the faster layer will be retarded as a whole, and the 
slower one will assume a greater speed. Owing to the mass of the mole- 
cules an exchange of momentum occurs wliich acts like friction and can 
be expressed by Newton’s equation: 

F. - M I [VI-21 

where y is the distance from the wall of the layer under consideration. 

This equation was used for the definition of the dynamic viscosity /x. 
According to the foregoing remarks ju inay be considered as the mass per 
unit time and area which is interchanged by molecular action between 
layer's unit distance apart. 

This can be shown more directly from Eq. VI-2 by comparing the 
latter with Newton’s basic law of dynamics which may be expressed in 
the form 


where m is the mass which by the shearing or frictional force is decel- 
erated, and r is the time. 

From Eqs. VI-2 and XV-1 : 

-m ^ nx:V-2] 

or dy 


partials being used because now two- independent variables {y and r) 
are involved. But according to a mathematical equation about the 
partial differentials of an analytical function z = f{x,y)i 


dz dx dy 
dx dy dz 


[XV-3] 


In our case y is a function of y and r. Therefore, corresponding to 
Eq. XV-3 

dv dr dy 
dr dy dv 


lXV-4] 



XV-2J BASIC IDEA OF REYNOLDS’ ANALOGY 

and by substitution in Eq. XV-2 


or 


dr 


A dr 


CXV-5] 


For unit length and time interval, dy/dr = 1, and unit area means 
A = 1. Then y. = m, that is, the viscosity equals the decelerated mass 
as has been asserted. 

If not only velocity differences, but also temperature differences exist 
between the two layers under consideration, the molecules will not only 
exchange momentum, but wtlII likewise convey heat energy from the 
warmer to the colder layer. The heat transportation which corre- 
sponds to the product fx • dv in Eq. VI-2 obviously should be proportional 
to the interchanged mass the specific heat Cp of the fluid and to the 
temperature difference dL Thus one arrives at 

. dt 

q = fxCpA — \XY-6] 


as an equation corresponding to Eq. VI-2. 

However, according to the basic equation of heat conduction 


Q = 



[XV-7] 


The difference in the signs in Eqs. XV-6 and 7 does not matter because 
itiis due to a difference in definition only. Equation XV-6 is derived 
from Eq. VI— 2 where Fs > 0 means transportation of momentum in the 
direction to the wall, whereas in Eq. XV-7 q > 0 means transportation 
of heat in the direction from the wall. 

Thus, comparison of Eqs. XV-6 and 7 shows that ile 3 aiolds’ analogy 
holds only if jxCp = h, or 


k 


1 


CXV-S] 


The dimensionless group jxCp/k occurs in all kinds of convection. It 
has been called Prandtl number and denoted by the symbol (Pr) in 
Sect. VI-7. 

As mentioned in Sect. VIII-2, (Pr) does not change much for gases, 
and with an average value of 0.8, is not far from the value 1. Because 
further (Pr)” usually appears in the equations of heat transfer 'where 
n < 1, Reynolds^ analogy will hold for gases with good approximation. 
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[XV-3 

It must be kept in mind, however, that flow in layers, i.e., streamline 
flow was assumed in the approximate derivation given above. 

XV“3 Generalization of Reynolds’ Concept 

Reynolds’ analogy of heat transfer and fluid friction in its original 
form is not only restricted to gases, more exactly to a fluid with (Pr) = 1, 
but also to streamline flow. In order to got rid of the latter restriction 
a fictitious or apparent viscosity will be introduced which includes the 
exchange of momentum by mixing of larger aggregates of molecules as 
occurs in turbulence, instead of the merely molecular mixing. In 
making use of fia, one must keep well in mind that this is a magnitude 
which depends upon the motion and so may vary from point to point in 
the stream whereas the molecular or true viscosity /x is a property of the 
fluid which in a rather wide pressure range depends on the temperature 
only and nothing else. So fia may be almost equal to at one point 
of the fluid cross section, and 100 times larger than /x at another 
point. 

In a similar way, instead of the thermal conductivity Jc, a fictitious or 
apparent conductivity ka may be introduced, which takes care of the 
exchange of heat energy between the mentioned larger aggregates of 
molecules. This magnitude is likewise very different from the true 
thermal conductivity, nor can it be assumed that ixa/ka = fj>/k or 
yLaCp/ha = iJLCp/k, Considering for instance an aggregate of molecules 
which moves from one layer to another one and then returns to the 
first one, momentum may be exchanged so rapidly that the exchange 
is completed when the aggregate returns to the original layer, but the 
interchange of heat energy may not be completed in this time interval. 
Then jjLa = but ka < k, and by this fJLaCp/ka > ixCp/k. For this and 
other reasons it is not at all certain a priori that Reynolds’ analogy can 
be used in turbulent flow. 

A comparison between the experimentally observed distributions of 
temperature and velocity has been considered as a simple test of the 
theory. If the errors due to the made approximations are unimportant, 
then the two distributions in any plane normal to the flow direction 
should be similar. 

The first to perform such experiments was Pannell (Ref. XV-S). 
He measured the velocity and temperature distribution across air which 
streamed in a vertical brass tube, 1.92-in. inside diameter. The velocity 
and temperature in the center line bf the tube were Vc = 87.4 ft/sec, 
and tc •— 75.9 F respectively, the wall temperature was truj = 109.4 F. 
The test cross section was far removed from the pipe entrance so that 
the effect of entrance disturbances was greatly diminished. 
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The air velocity and temperature at a radial distance y from the tube 
wall may be called v and t respectively. Introducing further e tw — t, 
the velocity ratio v/vc can be compared with the temperature ratio d/dc 
for different values of the distance ratio y/r, where r is the distance of 
the center line from the wall, and dc = ty, — 



Fig. XV-l. Distribution of velocity and temperature across an air stream in a 
heated tube, according to measurements of J. R. Pannell, in dimensionless rep- 
resentation. 

In this way PannelFs main results are represented in Fig. XV-1 and 
Table XV-1. Similarity obviously exists if v/vc — S/dc for any radial 
distance, and the ratios shown in the figure and the table indeed corre- 
spond to this condition with good approximation. 

TABLE XV-1 

Velocity and Temperature Ratio for Turbulent Flow op Air 
IN A Tube, According to Measurements op J. R. Pannell 


y 

r 

V 

I'c 

e 

Be 

0 

0 

0 

0.05 

0.66 

0.65 

0.1 

0.73 

0.73 

0.2 

0.80 

0.81 

0.4 

0.89 

0.92 

0.6 

0.96 

0.98 

0.8 

0.99 

1.00 

1.0 

1.00 

1.00 


White (Ref. XV-2) has pointed to the strange fact that this agreement 
is much better than for streamline motion for which Rejmolds’ analogy 
was derived originally. From this it is seen that Rejmolds’ theory does 
not hold exactly. The main reasons for the deviations seem to be a 
certain lack in the assumed similarity of heat transfer and interchange 
of momentum in a tube. This, however, cannot be dealt with here in 

detail. 
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[XV-4 


XV-4 Equations Based on Reynolds’ Analogy 

In order to calculate the heat flow from the wall to the fluid it is 
necessary to know the temperature slope dd/dy in the fluid adjacent to 
the wall. This is very steep for turbulent 
flow as can be seen from Fig. XV-1 where 
the curves begin almost vertically at the left- 
hand side. Fortunately, the slope of the curves 
can be expressed in terms of heat flow and fluid 
friction. 

Figure XV-“2 is a schematic; representation 
of similar velocity and temperature distribu- 
tions across the fluid stream in a tube. The 
similarity of the two curves can be checked 
by comparing the angles between the horizon- 
tal axis and straight lines from the zero point 
to points of the two curves at the same dis- 
tance y. Lot these angles be a and /3 respec- 
tively. It is seen that they increase with 
decreasing v and d up to maximum values of 
ao and determined by the tangents of the 
curves at the zero point of the system. 

Obviously, a condition of similarity is, 
that for any distance y between 2 / = 0 and 
2 / = r, 

tan a tan j3 

tan ao tan , 



Fig. XV-2. Schematic 
representation of velocity 
and temperature distribu- 
tion across a fluid stream 
in a heated tube. (Since 
$ = tw — t, the tempera- 
ture t is great where d is 
small, and vice versa.) 


[XV-9] 


The four tangent terms may be expressed by the pertinent geometrical 
and physical data. 

From Fig. XV-2 it is seen that 


tan a = — 

y 


tan /3 = 


e 

y 


According to Bq. VI-2, the frictional force on the wall is 
Fw ^ ^ fxA • tan ao 


. f dv\ 

= M 1 :r I 

\dy/y^Q 


tXV-10] 

[XV-11] 

P£V-12] 
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EQUATIONS BASED ON HEYNOLDS’ ANALOGY 

According to Eq. XV-7, the rate of heat flow from the wall to the 
fluid IS 

Sw = —hA 

\dyj j,=,o 

Substituting t = - e, according to the definition of 6 and con- 

sidering that the wall temperature is supposed to be constant it 
follows that ’ 

Qw = M = kA- tan /Sq [XV-13] 


By substitution from Eqs. XV-10, 11, 12, and 13 in Eq. XV-9 
one obtains 


or 


or 


QwV ^ F^y 
Bk fiv 

ki IcCp Cp 

Fy^d II fjLCp (Pr) 

Qw^ (F^) ^ j 
Fy;dCp ” 


CXV-14] 


This, however, has been derived under the assumption of laminar 
flow. For turbulent motion it would hold only if ^aCp/ka = fJiCp/k 
which is unlikely. Generally, ]iaCp/ka will be greater than jiCp/k, as 
has been explained in Sect. XV-3. Furthermore, the lack in similarity, 
mentioned at the end of that section, must be considered. 

For these reasons White recommended the use of the following 
modified equation: 


qwVm(Fr) 
F yjdffiCp 


[XV-15] 


where Vm and Bm are mean values, jW — being the mixing-cup 

temperature as defined in Sect. VIII-1. 

The exact theoiy for streamline flow and uniform heating from the 
wall shows that 

^ = 0.545 CXV-ie]* 

* According to Eqs. XV-18 and 19, Fw = Ap ^ . If the tube is uniformly 

heated from outside, Qw = 2.18(Vr) as derived first by Callendar (Ref. XV-4). 
Substituting these two expressions in Eq. XV-lo, one obtains Eq. XV-16. 
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[XV-4 


For turbulent flow, White found the following empirical relation: 

, _ 

750 VcPr) 7.5 -^(Pr) P^V-17] 

(Re) ^ 


This gives rather satisfactory results for Re ^ 6000 and Pr 5 50. 
If the application of Eq. XV-16 is restricted to quite moderate temper- 
ature differences, dm, the calculation of (Re) and (Pr) may be based 
on the average temperature of the flowing fluid. The more compli- 
cated procedure for larger values of Om will not be dealt with in this book. 

The effect of disturbances at the entrance of the tube is not included 
in Eq. XV~17; it will be considered approximately in Sect. XV~5. 

In fluid dynamics it is usual to express the frictional force Fy„ which 
is exerted on the inner surface of a tube, in terms of the kinetic energy 
per imit volume. This is done by introduction of a dimensionless 
coefficient of friction, often called Fanning’s factor: 


Fw/A ^ FJA 

y 

2 


[XV-18] 


A, in this equation, is the area of the inner surface; p and y are the 
density and specific weight, respectively, as defined in Sect. 1-3. 

The exact theory of streamline flow leads to 

/-jfy IXV-UJ 

For turbulent flow the empuical equation 

0.08 , 

' - vW) 

holds at least up to (Re) = 200,000. 

- Solving now Eq. XV-15 for and substituting Fy, from Eq, XV-18 
one obtains 

^ 2^) CXV-21]* 


An average film coefficient of heat transfer hm is defined in the usual 
manner by the formula 




^mA dm 


* According to Sect. IV-1 : <7® = pc« == — c«. 

9 


[XV-22] 
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From Eqs. XV~21 and 22: 

~ (j> f 


y Cp 
2g(Pr) 


s — 4*f 


2{Pt) 


lXV-23] 


The right side of this equation contains only the diameter of the 
tube, the velocity, and some properties of the flowing substance. Thus, 
the coefficient of heat transfer is determined without reference to heat 
flow or temperature. 

In engineering, it is more usual to operate with the pressure drop 
Ap in a pipe than with the frictional force Fy, exerted on the inner 
surface. Ap may be introduced bj^ means of the following relation 
which is used generally in fluid dynamics : 


Ap 


‘4 


f>V, 


2 T 2 

^ D 2g 


\XY-2A] 


L and D in this equation are the length and inner diameter of the pipe, 
respectively. It is seen that expressing lengths in feet and y in Ib/cu ft, 
Eq. XV--24 yields Ap in Ib/sq ft. 

Substitution of / from this equation in Eq. XV-’23 leads to 


(f> Cp D Ap 
(Pr) L tw 


[XV-25] 


for both streamline and turbulent flow^ 

According to Eq. XV-19, / is reciprocal to (Re) and by this to for 
streamline flow. Then it follows from Eq. Xy-23 that Jim is inde- 
pendent of the velocity. 

For turbulent flow, according to Eqs. XV—20 and 23, is about pro- 
portional to There is stiU another influence of velocity, because, 

according to Eq. XV-17, also the factor 4> depends on (Re). But this 
influence is small for great values of (Re)^ and for small values of (Pr). 
Water at 100 F, for instance, has (Pr) ^ 4. With this value, Eq. 
XV-17 yields = 1.83 for (Re) = 40,000, and cj> = 1.77 for (Re) = 
90,000, so that the change m4>is almost negligible. 

Example XV-1. Air at an average absolute pressure of 29.4 Ib/sq in. and 
an average temperature of 70 F is flowing through a pipe line, 1000 ft long, 
3-in. inner diameter, its average velocity being 30 ft/sec. 

Thermocouples attached to the wall show an average temperature of 60 F. 
Assuming the inner surface to be smooth, and neglecting entrance flow dis- 
turbances, find the pressure drop, the heat loss per hour of the air, and the film 
coefficient of heat transfer on the inner pipe wall, 

Solution: The mean temperature difference is dm = -- = 70 — 60 = 

10 F. This is so small that all properties of the air may be based on the 
average temperature = 70 F. 
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[XV-4 

The first thing to be found out is, whether the flow is streamline or turbulent. 
(Re) = 

M 

= 30(3600) = 108,000 ft/hr 
D = %2 = 0.25 ft 


y == 0.15 Ib/cu ft (at 29.4 Ib/sq in.) 
p = 0,15/32.2 = 0.00466 slug/cu ft 


Because the pressure does not influence much the dynamic viscosity, p can 
be taken from Table VI-2. 


jjL = 0.105(10-9)36002 = 0.00136 slug ff^ hr"^ 


(Re) - 


108,000(0.25) 0.00466 
0.00136 


92,500 


Thus, the flow is turbulent, and in calculating Ap from Eq. XV-24, the fric- 
tion factor / may be taken from Eq. XV-20. 


Ap = 4(0.0046) 


/- 


0.08 


^5^92, 500 

1000 0.00466(30)2 


= 0.0046 


0.25 


= 154 Ib/sq ft = 1.07 Ib/sq in. 


The heat loss may be found either from Eq. XV-25 or from Eq. XV-21, 
with <l> to be calculated by means of Eq. XV—IT. 


(Pr) ^ 


k 


Cp = 0.24(32.2) = 7.73 B slug-^ 
k = 0.0148 B hr”^ ft-^ (from Fig. II-l) 


(Pr) = 


0.00136(7.73) 

0.0148 


0.71 


Cp = (0.15) (0.24) = 0.036 B ff^ F'l (see Sect. IV-1) 
^0-71 0.843 




, , 750V0^71 , 7.5^0,71 

X -j h 


1.029 


= 0.82 


92,500 V92,500 


A = TttD = 1000 7r0.25 = 785 sq ft 



159 


XV-5] SECONDARY INFLUENCES 


Substituting all these terms in Eq. XV-21 : 

= 0.82(0.0046) 785(30)10 = 22.5 B/seo 

or 

= 22.5(3600) = 81,000 B/hr 


The film coefficient of heat transfer is found from Eq. XV-22. 


785(10) 


10.3 B hr-i ft"2 F“i 


This result may be checked without using the pressure drop analogy, by 
means of Eq. VIII~2. Substituting the pertinent values in this equation: 

0.023(92, 500)»-8 (0.71)<>-^ = 11.1 B hr-i F-» 

0,25 


The agreement of the results, found in such different ways and using 
partly empirical equations and some simplifications, is satisfactoiy. 

It is seen that Eq. VIII-2 leads much easier to the result than the 
analogy method. If,, however, Eq. VIII-2 were not known, or in other 
cases where direct heat transfer measurements were missing and were 
difficult to perform, the indirect method would be very useful. If, for 
instance, the tubes of a heat exchanger are curved, the influence of 
curvature to heat transfer can be calculated from the results of pres- 
sure drop measurements as will be shown in the next section. 


XV-6 Secondary Influences 

The equations of Sect, XV-4 are based on the assumptions that the 
tubes under consideration are perfectly smooth and straight, that no 
entrance disturbances exist, and that the temperature difference 0^. is 
small. In practice, there may be deviations from each of these con- 
ditions. 

Deviations from the first and last of them will not be dealt with 
here. However, ordinary drawn tubes can be considered as smooth, 
and the equations give good approximations also for moderately rough 
tubes and for moderate temperature differences. 

The local disturbances of the flow near the entrance of a tube give 
rise to an additional pressure drop which, according to White, can be 
considered by adding 

S0 = 0.1 ^ tXV-26] 

to the value of /, aa found by Eq. XV-20. This is said to hold for 
abrupt entrances. 
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HEAT TRANSFER AND PRESSURE DROP 


[XY-^ 


At R == 10,000, / == 0.008. If L/D = 12.5, Eq. XV~26 yields 
5 (jf) = 0.008. This means that under the above circumstances the 
entrance loss is just as great as the ordinary loss in an additional length 
6(L) = 12.5 D. 

In calculating the heat transfer the same additions may be provided 
although there is not much experimental evidence about this. 

Concerning the influence of curvature of tubes, White's experiments 
on the turbulent flow resistance of closely coiled helixes led to: 


/- 


0.08 


+ 0.012 



[XV-27] 


where D = the inner pipe diameter, 
C = the mean coil diameter. 


This holds from Re = 15,000 to Re == 100,000. 

The heat transfer in this range may be calculated from Eq. XV-15, 
using Eq. XV~27 instead of Eq. XV-20. 


XV~6 Heat Transfer and Fluid Friction on Plane Surfaces 

In a fluid flowing along a plate, the length L of the plate may be used 
as characteristic length so that 

(Re) = [XV-28] 


Colburn (Ref. XV-~5), in a correlation of experimental data, dis- 
tinguishes between a streamline or viscous region up to (Re) « 20,000 
and a turbulent region above this. 

Using the definition of /, given by Eq. XV--18, he shows that for a 
streamline flow: 


and for turbulent flow: 


/ = 


/- 


1.32 

PLV-29] 

V(Re) 

0D72 

\^{Re) 

[XV-30] 


These equations correspond to Eqs. XV-19 and 20 for tubes. 

For both, viscous and turbulent range, Colburn further recommends 
the formula 

^ ~ 2 g \Pr)^^^ = / 2 ^j>y^2/3 [XV-31] 

which corresponds to Eq. XV“23. 
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to e°d^* otstaoleffoKToiSSte” whiS dfrth 

surface fnc?io„ aS°S,lafe?S™b5te2j ttfa” .^“fe 

" v - 5 ) ^''- 2 ) “<1 


PROBLEMS 

’® pressed through a capillary tube, in wide and 1ft ft 1™,™- 
with well-rounded entrance opening. The nressnrp diff«rl,f„ i, * ^ 

o.ll.t i. 10 lb/„ i., th. « rSw 

energy per degree Fahrenheit difference between wall temnerati.rp 
temperature wiff the acid be able to pick up 

* 1 , of the acid is 1.84 gram/cu cm, the dynamic viscosity is 45 centipoise 

the thermal conductivity is 0.145 B hr-ift-ip-i nnH +i.p -d. jIi * ®®““PO'se, 

YV _9 Wo+p> 0 + <50 V or n ±1 , and the Prandtl number is 240. 

XV 2. Water at 60 F average temperature flows through a straight piece of drawn 
copper tubing, 1 m. diameter, 20 ft long, and then through a coil of ^e ^e^^ 
having twenty turns of 15-in. mean diameter, which is located in a liquid bXS 

stant temperature. The pressure drop in the straight piece of pipe is found to be equal 

to y^-in. mercury column, and the wall temperature of the coil is held at the constant 
tmperature of 80 F. Calculate the coefficient of heat transfer at the inside surface 
of the coil (a) using the analogy between surface friction and heat transfer and (b) 
Without using this analogy. 

XV-3 AiratstandardatmosphericpressureandSOFaveragetemperaturestreams 

along a plane plate, 5 ft wide, with an average velocity of SO ft/sec. A length of IS 
ft of this plate is held at 100 F by a heating device. Neglecting all secondary influ- 
OTces, like that of the edges of the plate or of the increase of temperature of the air 
along the plate, calculate how much heat per hour is given up to the streaming air. 
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Abbreviations, British thermal unit, 5 
degree Fahrenheit, 5 
degree centigrade, 6 
Absorption of radiation, 116 
Absorptive power of a surface, 119 
Absorptivity, 120; see also Emmissivity 
definition, 117 
Adams, 49 
Air bubbles, 111 

Air layers, free convection in, 133 
Air spaces, heat transfer through, 133 
in buildings, 134 
Aluminum foil, 134 
Amorphous substance, 7 
Amplitude of oscillation, 51 
Archimedes' law, 69 
Area factor, 126 

for parallel and opposite squares, 128 
Asbestos paper insulation, 13, 14 

B 

Baffles, 102 
Biot, 2 

Bismuth versus bismuth-tin thermo- 
couples, 140 

Black body, concept of, 117 
definition, 117 
emitter of energy, 120 
measure of absorptivity, 118 
realization of, 117 
Bliss, 113 

Boiler, 97 « . t 

Boiling, detour of heat flow m, 112 
of water, formulas under free convec- 
tion conditions, 112 
theory of, 112 • 
typ^ of. 111 
film, 111 

nuclear, 111 : 

NN, 3, 120 ! 

, 113 i 


British thermal unit, 5 
Bubbles, air, 111 
vapor, 112 
stirring effect of, 112 
Building materials, 19 
Buoyancy, 68 


Callendak, 155 
Calorie, 6 
Cattle hair, 11 
Celite, 15 
Centipoise, 62 

Coefficient, combined, of convection and 
radiation, 131 

equivalent, of heat radiation, 131 
of free convection, 74 
of friction, 156 

of heat transfer, 3; see also Film co- 
efficient of heat transfer 
overall, 94, 96, 109 
of thermal expansion of ideal gases, 69 
COLBUKN, 160, 161 
Condensate layer, 109 
Condensation, dropwise, 109 
conditions of existence, 110 
film, 109 

conditions of e^dstence, 110 
mechanism, 110 
theory of, 110 

influence of surface conditions, 110 
mixed, 110 
Condenser, 97 

Conduction, in steady flow, fundamental 
equation, 2, 45 
defiffltion, 2, 25 

equation of temperature field, 45 
in unsteady state, 36 
equation, 45 
heat stored, 2 

temperature distribution, 38, 44 
through composite cylinder wall, 30 
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Conduction, through composite plane 
wall, 27 

through homogeneous cylinder wall, 29 
through homogeneous plane wall, 25 
transient state, 36 
Conductivity, electrical, 149 
thermal, apparent, 152 
conversion factors, 6 
definition, 2 
fictitious, 152 
influence of temperature, 9 
mean value of, 33 
of alloys, 21 

of amorphous solid substances, 7 

of building materials, 21, 137 

of diatomaceous earth, 17 

of Douglas fir, 19 

of electrical insulators, 7 

of gases, 8, 9, 24, 139 

of insulating materials, 10, 15, 16, 17 

of iron alloys, 22, 23 

of liquids, 7, 24, 139 

of magnesia, 85%, 15 

of metals, 21, 22, 136 

of non-iron alloys, 22 

of refractory materials, 17, 18, 19 

of solids, 24 

of water, 9, 10 

of wood, 19, 20 

related to electric conductivity, 7 
units, 6, 26 

Configuration factor, 126 
Conservation of energy, 37 
Convection, artificial, see Convection, 
forced 

free, 68, 72, 73 
equation of, 67, 69 
in boiling, 112 
on horizontal cylinders, 69 
on horizontal pipes, 74, 75 
on horizontal plates, 73 
on vertical surfaces, 67, 73 
peculiarities, 72 
variables for, 67 
forced, 83 

dimensionless groups, 79 
equation of, 67 
importance, 78 
in boiling, 112 
peculiarities, 78 


Convection, influence of, in temperature 
measurements, 145 
natural, see Convection, free 
Conversion of constant factors in equa- 
tions to different units, 113 
Cooling of viscous oils, 81 
Cork, 11 

Crystalline substance, 7 
Curvature, influence of, to heat transfer 
159 

Cylinder method, co-axial, of measuring 
thermal conductivity, 138, 139 
of measuring thermal conductivity of 
insulating materials, 138 

D 

Degree centigrade, 6 
Degree Fahrenheit, 5 
Density, apparent, 7; see also Weight, 
apparent specific 
of emission, 119 
of water, 4 

product of specific heat and, 40 
Dewar vessels, 134 
Diffusivity, thermal, 40 
Dimensional analysis, 66 
advantage of, 69, 70 
limitations of, 70, 76 
simplifying assumptions, 70 
Dimensional homogeneity, 6G' 
Dimensional soundness of equations, 113 
Dimensionless groups, 61, 70 
denotation, 70 

Dimensionless magnitude, 63 
Dimensions, check of physical, 5 
equations of, 68 
Drops, formation of, 109 

E 

Earth, diatomaceous, 14, 16 
Energy, conservation of, 37 
storage of, 2, 39 
Electric coil, 55 

average temperature of, 57, 58 
durability of, 58 

maximum temperature of, 57, 58 
temperature distribution in, 57 
Electric resistance of metal, temperature 
coefficient, 57 

Electro-magnetic waves, 116, 117 
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Emission, 119 
Emissivity, 120 
definition, 120 
factor, 126 

of aluminum, influence of air, 134 
of metallic surfaces, 122 
of non-metallic surfaces, 122 
Equations, for forced convection, 67 
for free convection, 67 

of gases on a vertical wall, 69 
of dimensions, 68 

Errors, in temperature measurements, 147 
thermometric, 144, 145 
Evaporation on a hot plate, 111 
Experimental determination, see Meas- 
urement 

Exponents, of basic units in dimensional 
analysis, 66 
use of, 73 


Fanning’s factor, 156 
Film boiling, 111 

Film coefficient of heat transfer, average. 


calculated from pressure drop, 157 
definition, 3 

determination without heat flow or 
temperature, 157 

for condensation on horizontal tubes 
and vertical walls, 110 
for dropwise condensation, 109 
for film condensation, 109 
for forced convection, 79 
for free convection, 68, 73 
in boiling at atmospheric pressure, 112, 

11 ^ 

in boiling at different pressures, 113 
quantities influencing, 60 
Film condensation, 109 

conditions of existence, 110 


theory of, 110 
Fins on a plane plate, 93 
Flow, across tubes, 161 
laminar, 61 
of fluids, 61 
of gases, 145 

streamlined, 61, 156 ^,14. 

transition, from laminar to turbulent. 


65 


Flow, turbulent, 61 

empirical equation, 156 
velocity and temperature ratio for, 
153 

viscous, 61 

Flow resistance, of coiled helixes, 160 
influence of curvature of tubes on, 
160 

Fluid, see Flow 
Fluid friction, 61 

analogy to heat transfer, 149, 150 
on plane surfaces, 160 
Fourier’s equation of heat conduction, 2 
Frequency, 51 
Friction, see Fluid friction 
Fbitz, 113 


Gas, diatomic, 74, 75 

flowing, temperature measurement of, 
145 
ideal, 69 

thermal expansion coefl&cient of, 69 
Gas cells. 111 
Gas film theory, 76, 83 
Gas friction, 82 
Gas radiation, bands of, 119 
Gauss’s error integral, 46 
Glass vessel, evacuated, 134 
Glass wool, 11, 12 
Glassy substance, 7 
Grashof number, 70 
Gkoeber, 105 
Guard coils, 139 
Guard rings, 137 


Heat, specific, at constant pressure re- 
lated to unit volume, 41 
density and; 40 

transmission of, molecular theory, 6 
transportation of momentum and, 151 
units of, 40 

Heat conduction, at variable conductiv- 
ity, 32 
definition, 1 

steady state, definition, 2, 25 
equations for, 45 
through thermocouple wires, 144 
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Heat conduction, unsteady state, 2, 36 
equation for, 45 

- temperature distribution, 38, 44 
Heat conductivity, see Conductivity, 
thermal 

Heat convection, definition, 1, 60 
forced, 78 
free, 68, 72 

in vertical air layers, 133 
Heat energy, 2 

of condensation, 109 
Heat exchange, net, 125 
Heat exchangers, classes, 97 
counter-flow, 97 

effect of conduction and convection in 
85, 93 

economic optimum in design of, 149 
parallel flow, 97 
shell and tube, 102 
Heat flow, definition, 2 
per linear foot, 29 
rate of, 2 

through insulation at unknown surface 
temperature, 132 

Heat loss, of cylindric apparatus in the 
axial direction, 139 
Heat radiation, see also Hadiation 
at low temperatures, 122 
between an enclosed body and the en- 
closure, 125 

between a small enclosure and the en- 
closure, 126 

between equal parallel and opposite 
squares, 127 

between parallel black planes, 123 
between parallel planes of different 
emissivity, 124 
by aluminum foil, 134 
by carbon dioxide, 119 
by metallic surfaces, 122 
by non-metallic surfaces, 122 
by oxidized surfaces, 123 
by steam, 119 
definition, 2 
equilibrium, 119 

equivalent coefS.cient of heat transfer, 
131 

from sun to earth, 116 

fundamental equation, 3 

general equation of net interchange, 127 


Heat radiation, heat exchange by, 123 
influence of, in temperature measure- 
ments, 145 
net exchange, 125 

superimposed on conduction and con- 
vection, 130 

transfer mechanism, 116 
velocity, 116 
Heat resistance, 29 

Heat sources within a heat conducting 
body, 55 

Heat transfer, convective, analogy to 
fluid friction, 149 
molecular viewpoint, 150 
and fluid friction on plane surfaces, 
160 

from horizontal tubes in still air, 131 
from protruding rod, 85 
influence of curvature on, 159 
through air spaces, 133 
Heat transmission, between fluids 
through a plane wall, 93 
between fluids through a cylindric 
wall, 95 

laws and relation to other physical 
laws, 149 
molecular, 6 

momentum exchange and, 151 
Heat wave, 50 
Heated enclosure, 119 
Heating, of viscous oils, 81 
Heating and cooling cycle, 36 
Heilman, 132 
Hottel, 127 


Insingek, 113 

Insulation, for building purposes, 11 
for heating and process work, 13 
high-temperature, 14 
in high-temperature pipe service, 16 
in the power generation field, 14 
low-temperature, 11 
materials of, 10 

apparent specific weight of, 16, 17 
brick of natural Celite, 15 
metallic, 13, 134 
Insulation efficiency, 133 
Intenaty of radiation, 118 
Inverse square law, 127 
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Jakob, 111, 113 
Joule, 58 

K 

Kilo-calorie, definition, 6 
Kibchhoff, 117 
Kirchhoff's law, 118, 120 


Laminar flow, 61 
Langmuir, 76, 83 
Layer of condensate, 109 
Length, characteristic, 70 
Linke, 113 

Log mean temperature difference, 98, 
100 

correction factors for, 101 
Lorenz, 69 

M 

Magnesia, 85%, 14, 16 
Mass velocity, 64 
McAdams, 132 
McMillan, 132 
Mean temperature difference, 98 
Mean value of thermal conductivity, 33 
Measurement, of emissivities, 139, 140 
of temperatures, of flowing gases, 143, 
145 

of furnaces, 147 
of surfaces, 142 

of thermal conductivity, of building 
and insulating materials, 137 
of gases, 139 
of liquids, 139 
of metals, 136 
Metal foils, 13 
Mixing movements, 82 
Mixing-cup temperature, 78 
Momentum, transportation of heat and, 
151 

N 

Newton's equation of convective heat 
transfer, 3 

Newton's equation of fluid friction, 150 
Nuclei, 111 
Nubselt, 67, 110 
Nusselt number, 70 


Ohm's law, 58 

Oils, viscous, cooling and heating of, 81 
Opaque body, 117 
emissivity of, 120 
Oscillation, amplitude of, 51 
Overall coefficient of heat transfer, 94, 
96, 109 


Pannell, 152, 153 
Perry, 113 
Phase, 109 
change of, 109 
Pipes, see Tubes 
Planck's law, 120 
Poise, 62 
PoiSEUILLE, 62 
Pores, filled with water, 7 
insulating effect of, 7 
Pound force, 4 
Pound mass, 4, 64 
Poundal, 64 
Prandtl, 82, 83 
Prandtl number, for gases, 80 
physical property, 70, 151 
Pressure drop, 157 
in a tube, 65 
in streamline flow, 62 
near entrance of tube, 159 
Pyrometers, optical, 147 
selective, radiation, 147 
suction, 145 
total radiation, 147 

R 

Radiant heat, see Heat radiation 
Radiant interchange, net, 124 
Radiation, see also Heat radiation 
exchange of, 123 
general la^vs of, 116 
intensity, 118, 122 
monochromatic, 118, 120 
reflection of long-wave and short-wave, 
122 

total, 120 
wavelength of, 119 
Radiation pyrometers, 147 
Radiation receiver, 140 
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Radiator, gray, 121 
non-black body, 147 
Rate of heat flow, 2 
Reflectivity, 117 

Refractory materials, 17 ; see also Insula- 
tion 

Reiheb, 143 

Resistance thermometer, 139 
Reynolds, 61 

analogy between heat transfer and 
pressure drop, 149 
basic idea, 150 

modification for streamline flow, 155 
modification for turbulent flow, 156 
restricting condition for, 151 
restrictions of, 152, 153 
Reynolds number, 61, 65 
critical, 65 
definition, 70 
Rice, 77, 83 
Rock wool, 11, 12 
Rod, end uninsulated, 91 
protruding, 86 


Shields, protecting, in thermometry of 
flowing gases, 145 
Sieder, 80 

Similarity, principle of, 61, 70 
Slag wool, 11 
Slug, 4 

Specific heatj see Heat 
Specific weight; see Weight 
Steady state; see Heat conduction 
Steam bubbles, see Vapor bubbles 
Stefan, 120 

Stefan-Boltzmann's, constant, 3 
law, 3, 120 

generalization, 121 
Stirring effect of vapor bubbles, 112 
Storage of heat energy, 2, 39 
Streamline flow; see Flow 
Substances, amorphous solid, 7 
crystalline, 7 
glassy solid, 7 
Sunlight, 122 

Surface, absorptive power of, 119 
black, 3; see also Black body 
emissive power of, 119 
projections of, 85 


Surface, reflecting, 134 
Surface film theory, 82 

of forced heat convection, 83 
of free heat convection, 76 
Surface temperature, 72 
amplitude, 51 
periodic change, 50 
sudden change, of cylinder, 49 
of infinitely thick plane wall, 46 
of plane wall of finite thickness, 
of sphere, 49 


Tate, 80 

Temperature, above the liquid leve 
boiling liquid, 112 
and velocity, ratio for turbulent fi. 
153 

comparison of distribution of, 151 
distribution of, across an air strea 
153 

coefficient of electric resistance, 57 
deviation from average, 51 
difference, definition, 73, 78 
in heat exchangers, 101 
distribution, 91 
along a rod, 86 

along a thermometer well, 143 
in unsteady state, 38, 44 
inside vapor bubbles, 112 
mixing-cup, 78 
of a boiling liquid, 112 
of a flowing liquid, 72 
of surface, see Surface temperature 
sudden exposure of wall, 105, 106 
Temperature field, 45 
Temperature gradient, 37 
Temperature measurements, 142, 147 
errors in, 144, 145, 147 
Temperature radiation, 118 
Thermal conductivity, see Conductiv.* 
Thermal resistance, 29 
Thermocouples, arrangement of, 143 
bismuth versus bismuth-tin, 140 
heat losses by, 143 
Thermos bottles, 134 
Time lag, 50 

Transient state, see Heat conductio 
unsteady state 
Transmissivity, 117 
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insportation of momentum and heat, 
151 

abebank, 161 

heating of fluids flowing normal to, 
82 

ibes, bare horizontal, 132 
oo-axial, 95 
■ oncentric, 95 

DW disturbance near entrance of, 159 
>rawn, 159 

' ifeat transfer for streamline flow inside, 
80 

^eat transfer for turbulent flow inside, 
79 

eating of fluids flowing normal to, 81 
usulated horizontal, 132 
. jbulent flow, see Flow 
^ -/in-plate arrangement, 137, 138 

f 

U 

'^■’iits, 3, 4 

basic, exponents of, in dimensional 
analysis, 66 
.consistency of, 3 

'isteady state j see Heat conduction 


apor bubbles, 112 
ipor layer, 111 

’.porization, cells of, lllj see also Boil- 
ing 

alocity and temperature, comparison 
of distributions of, 152 


Velocity and temperature, distribution 
of, across an air stream, 153 
ratio of, for turbulent flow, 153 
ViDMAR, 57 
Viscosity, absolute, 63 
apparent, 152 
dynamic, 63 
definition, 61 

influence of temperature, 81 
molecular interpretation, 150 
of air, 63 
of water, 62 
physical dimensions, 62 
units, 62, 64 
fictitious, 152 
kinematic, 63 
Visibility, relative, 63 

W 

Wall, conduction, see Conduction 
Warming, of a plane plate, 36 
Wavelength, of radiation, 119 
White, 149, 153, 156, 160, 161 
Williamson, 49 

Wires, heat convection for normal flow 
to, 81 

Weight, apparent specific, of building 
materials, 21 

of insulating materials, 16, 17 
of refractory materials, 21 
of wood, 20 
specific, 4 
of water, 4 



